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ABSTRACT
This study investigated the effects o f bubble size and phase distribution on the 
liquid and bubble flow fields in a dispersed, bubbly axisymmetric jet. O f primary 
interest was the interaction o f  the bubbles with large-scale structures in the developing 
region o f the jet. Measurements were made non-intrusively via Laser Doppler 
Velocimetry (LDV), Phase-Doppler Analysis (PDA) and video imaging techniques. 
Liquid Reynolds’ numbers were varied from approximately 6,000 to 18,000 while gas 
volume fraction ranged from 0 to 3%. Bubble sizes varied from approximately 600 pm 
to 1500 pm.
Axial mean velocities and RMS fluctuations have been reported for the liquid 
phase. Axial and radial mean velocities and RMS fluctuations have been reported for 
the bubbles. Measurements have been made along the centerline and radially at 
downstream locations o f x/Djet=O.08, 4, 8, and 16. The effects o f  bubble size and phase 
distribution on the development o f the axisymmetric shear layer as well as liquid phase 
and bubble velocity properties in general have been examined. These data have been 
put into perspective with respect to traditional two-phase flow parameters as well as 
previous experimental, analytical and computational works. Bubble/turbulence 
interaction was examined in the context o f the turbulent kinetic energy spectrum and a 
critical wave number corresponding to bubble diameter was found above which 
turbulence was enhanced, and below which it was attenuated.
x
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CHAPTER 1 -  INTRODUCTION AND LITERATURE REVIEW
1.1 INTRODUCTION
Turbulent bubbly flows are encountered in a number o f practical applications 
including chemical reactors and liquid waste treatment systems. A phenomenon o f 
paramount importance in dispersed gas-liquid flows is the interaction o f  the gaseous, 
dispersed phase with the liquid phase and the related turbulence modification and phase 
distribution. The current body o f experimental data in bubbly flows is limited both in 
range of bulk flow conditions and in parametric effects studied (i.e., bubble size effects, 
local concentration effects, etc.). In addition, many of the previous experimental works 
in this area employed intrusive measurement techniques for both the liquid and gaseous 
phases. While intrusive probes (hot-film, electro-chemical) have long been accepted in 
the measurement o f single- phase liquid properties, their use to measure liquid and 
gaseous phase properties in bubbly flows is questionable. The primary drawbacks 
associated with these measurement techniques are difficulty in phase discrimination and 
the potential for bubble/probe interactions, particularly near the wall in bounded flows.
Past studies conducted in bubbly jets (Sun and Faeth, 1986; Kumar et. al., 
1989), as well as dispersed bubbly flows in pipes (Serizawa et. al., 1975; Nakoryakov 
et. al., 1981; Wang et. al., 1987; Liu, 1989), have indicated contradictory trends in the 
axial and radial turbulence intensity variation with increasing gas flow rates. Such 
discrepancies may be attributed to the effects of bubble-size as it has been argued by 
Wang et. al. (1987), Liu (1989) and Kumar et. al. (1989). Recent efforts in 
bubbly/particulate flows (Hetsroni 1989; Yuan & Michaelides, 1992; Lance & Bataille, 
1991) have emphasized the importance o f  bubble/particle size, Reynolds’ number, and
1
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local concentration as parameters in predicting turbulence modification in two phase 
flows.
In shear flows, bubble interaction with vortical structures has been identified as 
a key mechanism affecting shear layer evolution and thus turbulence production in the 
developing region o f  such flows. Recent studies (Shridar & Katz, 1996, Reutsch & 
Mieburg, 1993) have concentrated on the nature o f bubble entrainment by vortical 
structures in free shear layers. Bubble entrainment rates have been shown to be highly 
dependent upon bubble size and vortex strength. Entrainment of only a few 
microscopic bubbles has been shown to cause macroscopic deformations o f vortices 
(Shridar & Katz, 1996) indicating that even in dilute flows turbulence modification in 
the carrier phase may be possible.
Bubble-size in turbulent, shear flows is loosely determined by injection and bulk 
flow conditions. This statement is supported by the study o f Thomas (1981), who 
demonstrated that there is a lower as well as an upper limit to the bubble sizes that may 
exist in a turbulent flow. Both the upper and lower limits are intimately related to the 
turbulence of the carrier phase, the former being dictated by turbulence induced breakup 
(Hinze, 1955) and the latter by turbulence induced coalescence (Thomas, 1981).
1.2 GENERAL BUBBLY/PARTICULATE FLOWS
Previous efforts in particle-laden flows (Hetsroni, 1989; Gore and Crowe, 1989; 
Yuan & Michaelides, 1992) suggest that turbulence modification in the carrier phase is 
related to particle size, particle Reynolds’ number, and local mass loading. It has also 
been argued that carrier phase turbulence modification in bubbly flows is related to 
bubble diameter, bubble rise velocity, and void fraction (Lance and Bataille, 1991).
2
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Gore and Crowe (1989) proposed that particles much smaller than the most 
energetic eddy o f the flow will interact with that eddy for at least part of its lifetime, 
during which the eddy loses energy by affecting the motion of the bubble through drag. 
Particles of the same order o f magnitude o f  the most energetic eddy and larger will 
create turbulence in their wake which is on the same order o f magnitude, thus 
increasing the turbulent kinetic energy. They proposed the existence o f a critical ratio 
of particle size to integral length scale, dp/le , above which turbulence is enhanced, and 
below which turbulence is attenuated.
They defined a percentage change in turbulence intensity as:
(artp-o-f)/crfX 100
Where <rtp is the carrier phase turbulence intensity in the two-phase flow and Of is the 
turbulence intensity o f the corresponding single phase flow.
Data were assembled from solid-gas, gas-liquid, solid-liquid, and liquid-gas 
flows which included geometries o f axisymmetric jets and pipes. Turbulence length 
scale estimates were taken from Wygnanski and Fiedler (1969) and Hutchison et. al. 
(1971) for jets and pipes respectively. Centerline turbulence intensity enhancement was 
plotted versus length scale ratio and a critical value o f dp/le=0.1 was determined. No 
data were compared for the developing region o f  either geometry due to lack o f  reliable 
estimates of turbulence length scales and a general lack o f data in these regions. Good 
qualitative agreement was obtained, thus this parameter appears to be a good indicator 
o f the transition from enhancement to attenuation for all types of flows compared, but 
no quantitative information on the amount o f  modification can be obtained.
3
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Hetsroni (1989) proposed that the nature o f turbulence modification was related 
to particle Reynolds’ number:
Rep=ureid(pp-pf)/pf
Where urei is the relative velocity o f the particle to the carrier fluid, d is the diameter of 
the particle, pp and pr are the densities of the particle and carrier fluid respectively, and 
pif is the viscosity of the carrier fluid.
He postulated that for Rep<110 no vortices will be shed and thus there will be 
no turbulence enhancement. In addition, if  the relaxation time o f the particle is less 
than the characteristic turnover time o f the most energetic eddy o f the flow, it would 
extract energy from the turbulence through drag and thus decrease the turbulence 
intensity. Alternately, if  Rep>400 vortices will be shed (Achenbach, 1974) and thus 
turbulence would be enhanced. He tested his theory, however, on only one set of 
experimental data for a solid-gas jet (Tsuji et. al., 1984) in which Rep was greater than 
1100 for all tests. Turbulence enhancement was observed in these experiments but one 
test against only one set o f experimental data in which attenuation was not observed 
cannot be considered a complete test of this theory. He roughly correlated the increase 
in turbulence dissipation in these experiments to the energy spent on particle drag, 
postulating that the particle drag extracted energy from the mean flow and transferred it 
to turbulence kinetic energy. He concluded his paper by calling for additional 
experimental data where attention would be given to the parameters o f interest here.
Rogers and Eaton (1991) proposed a turbulence kinetic energy modification for 
solid-gas boundary layer flows o f the form:
AEk=-[<D(uiUi-UiVi)]/pftp
4
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Where O is the average concentration of particles (mass per unit volume). They 
reasoned that in flows containing particles which obey a  linear drag law and do not 
produce turbulent wakes will cause turbulence attenuation due to a low particle 
velocity/carrier velocity correlation. Flows with larger particles which produce 
turbulent wakes should have a stronger correlation between the carrier phase velocity 
and particle velocity thus resulting in turbulence production. Rough order o f magnitude 
estimates were made for a turbulent boundary layer flow, which yielded reasonable 
results but no strict comparison was drawn between the model and experimental data.
Lance and Bataille (1991) conducted a combined analytical and experimental 
study o f a homogeneous bubbly air-water flow with grid generated turbulence. In this 
study void fraction ranged from 0-5% and bubble diameters were approximately 5 mm. 
A combination o f hot-film anemometry and laser Doppler velocimetry were used to 
conduct experiments. The authors proposed that enhancement o f liquid phase 
turbulence could be modeled as the “pseudo-turbulence” generated by the bubbles 
which was defined as the fluctuating energy induced by the motion o f the bubbles in a 
quiescent liquid. The authors suggested that this approach is more accurate for low 
void fraction flows (a< l% ) where bubble-bubble interactions are less likely. At higher 
volume fractions it was suggested that bubble-bubble interactions transfer a greater 
amount o f kinetic energy to the liquid phase.
A potential flow analysis of oblate spheroidal bubbles rising in helical 
trajectories was employed to estimate the kinetic energy due to fluctuations produced by 
rising bubbles. The results o f this analysis indicated that the induced kinetic energy was 
directly proportional to the void fraction. An estimation o f the kinetic energy
5
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contribution due to bubble wakes was given as a  portion of the work expended due to 
drag on the bubbles and was shown to be proportional to a 2/3. These models were 
compared to experimental data at zero mean liquid flow and the relationship was found 
to be linear. The absence of the 2/3 dependency was justified because less than 20% of 
the energy in these cases was due to wake effects.
Experimental data also indicated that the excess turbulence intensity was a 
function of only a  and the magnitude of the grid generated turbulence. Spectral 
analysis indicated that the familiar —5/3 dependency at high wave numbers was replaced 
by a —8/3 dependency indicating increased energy at higher wave numbers due to the 
presence of bubbles.
Yuan and Michaelides (1992) performed an analysis for solid particles moving 
in a flow composed of eddies with characteristic velocity, u. They estimated the rate of 
energy dissipation due to particle interaction with an eddy as:
P=Fd(u-v)=(7rCdd2pf(u-v)2|u-v|)/8 
Where Cd is the drag coefficient, v is the particle velocity, d is the diameter of the 
particle, and pf is the density o f the carrier fluid.
The drag coefficient was estimated as Cd=(l+0.15Rep°'687)/Rep. Using this 
correlation in the equation o f motion o f the particle, which in this case, only considered 
the acceleration due to drag. Assuming that RepCd was relatively constant over the 
integration time an approximate expression for the velocity of the particle was reached:
v=v0 + (u-v0) [ 1 -exp(-c i t/xp)], t<x 
Where cl=(l+0.15Rep°'687) and tp is the relaxation time of the particle, equal to 
ppd2/18(J.f.
6
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The total work done due to drag was estimated by integrating P with respect to 
time over the time o f interaction o f  the particle with the eddy:
W=7rd2pp(u-v0)2[l-exp(-2cit/Tp)]/12 
Where t is the minimum of the eddy lifetime or the time it takes the particle to cross the 
eddy.
Noting that wakes exist for Rep>20 and vortices are shed from particles with 
Rep>400, they proposed that these were the primary modes of turbulence production 
and estimated the turbulence production as the difference between the squares of the 
two velocities multiplied by the volume occupied by the wake:
AEP = d2Pff(lw)(u2-v2)
Where f(lw) is a  characteristic length of the wake produced by the bubble.
Noting that spherical particles produce ellipsoidal wakes (Clift et. al., 1978) the 
following expression was obtained for the production o f  kinetic energy:
AEp=7Td2pff(lw)U re|(2u-Urel)/l 2 
Therefore the total modification to the turbulent kinetic energy was given as:
AEk= -7id2pp(u-vo)2[ 1 -exp(-2c i t/t p)]/12-Hid2pff(lw)Urei(2u-Urei)/l 2 
The overall time averaged modification o f the turbulence kinetic energy obtained was:
AEt= 12 AEkm V7rd3 ppuv 
Where m* is the mass loading ratio.
In general, good agreement was achieved in comparisons of this theoretical 
estimate with data taken in pipes and jets respectively. It was noted that the agreement 
obtained was somewhat surprising considering the simple nature of the model.
7
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However, this theory appears to be reasonably accurate for dilute solid particulate 
flows.
Previous efforts in predicting turbulence modification in two-phase flows have 
primarily concentrated on solid particulate flows. Reasonable success has been attained 
in predicting the conditions under which turbulence is enhanced or attenuated with 
heuristic methods. Dimensional analysis has also produced reasonable estimates o f the 
amount o f modification. The prevailing theory among previous investigators is that 
small particles interact with the most energetic eddies of the flow, extracting turbulent 
kinetic energy; while large particles produce wakes and shed vortices which increase 
turbulent kinetic energy. . The primary difficulty in extending these analyses to bubbly 
flows is the estimation o f unsteady forces on the bubbles due to surface deformation 
and mobility. Further work is necessary to satisfactorily predict these mechanisms in 
bubbly flows.
1.3 BUBBLY PIPES
Serizawa et. al. (1975) conducted bubbly pipe flow experiments in a 60 mm ED 
circular tube with a 2100 mm test section. Air was introduced through 84 holes o f 1.5 
mm ID. Measurements were conducted at downstream locations o f x/D=10, 20 and 30 
and ranged from r/R=-0.98 to 0.98 in the radial direction. Water superficial velocities 
ranged from US[=0.44 m/s-1.03 m/s and air volume fraction was varied from P=9% - 
40%. Bubble diameter was measured using a photographic technique and varied from 
3.5-4 mm. Liquid phase velocity and spectrum were measured via hot-film 
anemometry and bubble phase properties including void fraction, impaction rate, and 
bubble velocity were measured using a double sensor electical resistivity probe.
8
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Experiments indicated wall peaking of the void fraction, which decreased 
relative to the pipe center as air volume fraction increased. The peak void fraction was 
located approximately one mean bubble radius from the wall, indicating a tendency for 
bubbles to be trapped in the boundary layer near the pipe wall. Bubble velocity 
fluctuations decreased as water velocity was increased at constant volume fraction. 
Liquid and bubble velocity distributions were approximately normal and Poisson 
respectively, indicating independent water velocity fluctuation with respect to passing 
bubbles. Liquid phase axial turbulence intensity initially decreased with the addition of 
bubbles at low volume fractions and subsequently increased upon further increase of 
gas flow rate.
Sato et.al. (1981) proposed a model for bubbly pipe flow which included a two- 
phase eddy diffusivity, which was the sum of the single phase eddy diffusivity and an 
additional diffusivity due to bubble agitation. The additional diffusivity was proposed 
as directly proportional to the void fraction, bubble diameter, and bubble rise velocity in 
a quiescent medium. Results from the model were compared with experimental results 
obtained in a 26 mm ED circular tube. Liquid superficial velocities ranged from Usi=0.5 
m/s — 1.0 m/s and gas volume fraction varied from [3=7% to 22%. An impact pressure 
probe was employed to measure liquid phase mean velocity, while a resistivity probe 
was used to measure local void fraction. The frictional pressure gradient was measure 
via a water manometer. Reasonable agreement was obtained with the mean velocity 
profiles and pressure gradient indicating that void fraction, bubble size and slip velocity 
have some effect on these parameters. „
9
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An electro-chemical sensor and probe were employed by Nakoryakov et.al. 
(1981) to measure wall shear stress, liquid phase mean velocity, rms velocity 
fluctuations, and void fraction in a bubbly pipe flow. Experiments were conducted at 
x/D=55 in a circular tube of 86.4 mm ID and gas was injected via a porous tube. Liquid 
superficial velocities ranged from Usi=0.22 m/s — 2.05 m/s and gas volume fraction 
varied from (3=7.5% to 46%.
Wall shear stress was found to increase substantially with introduction o f 
bubbles at low volume fractions and increased steadily until a maximum was reached 
near (3=15%. Shear stress decreased steadily thereafter with increasing volume fraction 
in the transition region from bubbly to slug flow with a sharp decrease evident near 
(3=21%. This general behavior was exhibited by all bulk flow conditions except for 
Usi=2.05 m/s, where only a slight initial increase in wall shear stress was observed. 
Void fraction profiles exhibit wall peaking with initial addition o f bubbles which 
decreased upon further addition o f gas or liquid flow rate. Further increase o f gas flow 
rate at constant liquid flow rate produced another peak at the pipe center signifying the 
beginning o f transition to slug flow. Liquid mean velocity increased near the wall 
where void fraction peaking occurred via the “chimney effect”. This effect decreased as 
the liquid flow rate increased. Liquid phase turbulent fluctuations were greater than 
single phase fluctuations and exhibited a wall peak at low volume fraction which slowly 
decreased with additional gas flow rate. This phenomena was less pronounced at higher 
liquid flow rates.
Theofanous and Sullivan (1982) performed bubbly pipe flow experiments in a 
57 mm ED circular tube. Air was introduced via ten 0.33 mm ID holes. Liquid
10
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superficial velocity was varied from Usr=0.236 m/s — 0.620 m/s and air volume fraction 
was varied from 0.3% - 1.8%. Radial traverses were taken at a downstream location o f 
x/D=24. Laser Doppler velocimetry was employed to measure axial and radial liquid 
phase velocity. The measuring volume was rotated +/- 45° from axial to allow for 
measurement o f the radial component o f velocity.
Experiments indicated a mean liquid velocity increase near the wall which was 
attributed to the chimney effect caused by wall peaking o f the void fraction as seen by 
Serizawa et. al. (1975). This phenomena was found to decrease at higher volume 
fractions which could also be explained by the reduction in wall void fraction peaking 
reported by Serizawa et. al. (1975). Liquid phase turbulence intensity increased near 
the wall with increasing void fraction. This was also attributed to the wall peaking of 
void fraction which denotes a higher concentration o f bubbles in this region.
Wang (1985) utilized hot-film anemometry to measure 1-D and 3-D liquid 
phase velocities, Reynolds’ stresses and gas phase void fraction in bubbly pipe flow. 
Slope and level thresholding were used to discriminate between the liquid and gas 
phases. A gamma ray densitometer was used to verify void fraction measurements 
obtained via hot-film anemometry. Measurements were conducted in a 57.15 mm ID 
circular tube at a downstream location of x/D=35 for both up and down flow. Liquid 
superficial velocities varied from US|=0.43 m/s — 1.08 m/s and gas volume fraction 
varied from p=8.5% - 48%.
Measurements indicated a sharp peak o f void fraction near the wall consistent 
with the findings of Serizawa et.al. (1975). Liquid velocity profiles exhibited a saddle­
like shape, flat in the core with a peak near the wall due to the “chimney effect”. Liquid
11
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axial velocity fluctuations were increased at lower liquid velocities due to the addition 
o f bubbles and the opposite trend was observed at higher liquid velocities. These 
phenomena were relatively independent of gas flow rate which contradicts findings o f 
previous studies (Serizawa et.al., 1975, Theofanous and Sullivan, 1982). Reynolds’ 
stress measurements were deemed unsuccessful due to lack o f spatial resolution with 
the 3-D probe. A flattening o f u 2, v 2, and w 2 in the radial direction was observed due 
to the addition o f bubbles. Initial addition of the vapor phase increased turbulence 
anisotropy but no change was observed upon further increase in gas flow rate.
Liu (1989) conducted air-water bubbly flow experiments in a 38.1 mm ID 
circular tube with test section o f length 2800 mm. Air was injected via 64 tubes of 0.1 
mm ID. Measurements were made at downstream locations o f x/D=22, 26, 30, and 36. 
Liquid superficial velocities varied from Usp0.376 m/s — 1.391 m/s and gas volume 
fraction ranged from (3=1.9% - 48%. A hot-film boundary layer probe was used to 
measure liquid axial velocity and rms axial velocity fluctuations, and a dual sensor X- 
type hot-film probe was used to measure liquid radial rms fluctuations and Reynolds’ 
stresses. Slope and level thresholding were used for phase discrimination. A resistivity 
probe was used to measure bubble velocity, rms velocity fluctuations, impaction rate, 
and chord length.
The author found that introduction of bubbles flattens the mean velocity profile, 
especially at higher water flow rates. While liquid phase mean velocity increased near 
the wall region with the addition of bubbles, off-center wall peaking due to the 
“chimney effect” was not observed. Liquid phase axial velocity fluctuations decreased 
unilaterally at high liquid flow rates and low gas flow rates in agreement with Serizawa
12
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et.al (1975). Liquid phase axial fluctuations decreased near the wall and increased near 
the core region with addition o f gas flow rate at high volume fractions. Increasing the 
water flow rate at constant gas flow rate was found to decrease both liquid and bubble 
rms velocity fluctuations. Liquid radial rms velocity fluctuations behaved similarly to 
the axial fluctuations in the core region with measurements being limited to this region 
because the X-probe could not be used near the wall. The peak in Reynolds’ stress 
increased sharply near the wall. This effect became more pronounced by increasing gas 
flow rate at constant liquid flow rate and by increasing liquid flow rate at constant gas 
flow rate. This was presumed due to the void peaking in the wall region.
The effect of bubble size on turbulence properties o f a bubbly pipe flow was 
investigated by Liu (1998). Experiments were conducted at x/D=60 in a circular tube 
of 57.15 mm ED. Air was injected through a 7 pm nominal porosity cylinder and water 
flow rate was varied through the injection section to control bubble size. Bubble sizes 
ranged between 3 mm and 20 mm depending on flow conditions and gas volume 
fraction was varied between 3.2% and 44%. Liquid superficial velocity ranged from 0.5 
m/s — 3.0 m/s. Hot-film anemometry was employed to measure liquid phase mean 
velocity, rms velocity fluctuations, bubble diameter, and void fraction.
Results indicated that small bubbles (Db<5 mm) exhibited wall void peaking 
whereas larger bubbles were more concentrated in the core. Turbulence suppression 
was achieved with small bubbles (Db~3 mm) at low gas flow rate and high liquid flow 
rate similar to the results o f Serizawa et.al. (1975). Liquid phase turbulence increased 
with increase in gas flow rate and larger bubbles caused a  turbulence increase in the 
core. These effects were more pronounced at lower liquid flow rates.
13
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Agreement is present among previous authors with respect to wall peaking o f 
void fraction and phase distribution in bubbly pipe flows. However, there are 
conflicting results with respect to liquid phase mean flow wall peaking and liquid phase 
turbulence intensity behavior with increasing gas flow rate, i.e. (Wang, 1985 vs. 
Serizawa, 1975; Theofanous and Sullivan, 1982; and Liu, 1989). It has been argued 
that these discrepancies could be due to bubble size effects (Wang, 1985; Liu, 1998). 
Another observation is that all previous works listed here (except for Theofanous and 
Sullivan, 1982) employed intrusive measurement techniques for the measurement of 
liquid and bubble phase properties. Regardless o f how careful a  hot-film probe or 
resistivity probe is designed, the possibility exists in bubbly flows to affect the motion 
o f the bubbles. This is particularly true in the near wall region where discrepancies 
have been shown. A reliable means o f conducting non-intrusive measurements of local 
multi-dimensional liquid and bubble phase velocity properties, bubble diameter, and 
phase distribution is needed to eliminate uncertainties arising from bubble-probe 
interactions.
1.4 AXISYMMETRIC BUBBLY JETS
Chuang (1970) used hot film anemometry with frequency discrimination to 
measure bubble concentration flux, liquid phase mean velocity, liquid phase rms 
velocity fluctuations, and turbulent energy spectrum in a bubbly air-water jet. 
Measurements were conducted at downstream locations o f x/D=10, 15, 20, 25, and 30 
from a 12.7 mm ID jet. The je t velocity was 3.3 m/s and the exit gas volume fraction 
varied from 0.048% to 0.39%. Bubble diameters were measured via a photographic 
technique and ranged from 343 pm to 970 pm.
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Experimental results indicated a slight decrease in the spread rate o f the jet due 
to the presence o f the bubbles. Turbulence levels were attenuated near the core o f the 
jet from 2% at x/D=10 to 12% at x/D=25. This was attributed to small bubbles 
dissipating kinetic energy. The increase at large x/D was attributed to increased range 
o f mixing and therefore increased energy dissipation. The turbulent energy spectrum 
was unchanged at low frequencies but increased in the neighborhood o f 1.8 kHz.
Sun (1985) performed measurements in a bubbly jet using Iaser-Doppler 
velocimetry to measure mean and fluctuating quantities in both liquid and gas phases. 
Measurements were made in the fully developed region o f  the jet with measurements at 
x/D=8 being used as initial conditions for modeling. Jet liquid Reynolds' numbers 
ranged from 8,500 to 9,400 and gas volume fractions were as high as 9.1%. The natural 
seeding in tap water was used to generate signals for the continuous phase, which 
produced high absolute data rates. No form o f signal level or size validation procedures 
were employed in the continuous phase measurements other than an amplitude limiter 
to discard signals from bubbles. A surfactant was used to increase surface tension and 
make smaller bubbles while reducing bubble coalescence. Bubble sizes were reported at 
approximately 1 mm and were measured using a photographic technique. Experimental 
results were compared with three different numerical models (locally homogeneous, 
deterministic separated, and stochastic separated).
Mean bubble velocities which were lower than mean liquid velocities were 
reported near the core at x/D=8. This was attributed to the fact that bubbles had not 
fully accelerated to their terminal velocity with respect to the potential core o f the jet at 
this location. Experimental results showed little or no increase in turbulence levels near
15
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the je t exit. The lack o f turbulence modification in this area was attributed to the dilute 
flows used in this study. Axial turbulence levels increased far from the jet exit with 
increasing air volume fraction. The author suggested that the slip velocity o f the 
bubbles was the primary reason for this modification. Although no effort was made to 
vary bubble-size characteristics it was argued that turbulence modification is related to 
the relative size of bubbles and turbulence length scale.
Kumar et. al. (1989) conducted experiments in a bubbly je t using laser-Doppler 
velocimetry to measure liquid phase velocities. Measurements were conducted in the 
developing region of the jet. Liquid Reynolds' numbers used in the experiment ranged 
from 4,700 to 9,100. Air volume fractions as high as 20% were achieved at lower 
liquid Reynolds' numbers. Natural seeding in tap water was used to generate signals for 
the continuous phase. The focus in this study was entirely on measurements in the 
carrier phase, therefore, no information on bubble velocities or phase distribution was 
reported. Bubble sizes ranged from 0.6-2 mm and were measured using a photographic 
technique. The authors concluded that the introduction of bubbles increased the jet 
width at lower Reynolds' numbers and close to the jet exit but had no effect on je t width 
at high Reynolds' numbers and far from the jet exit. They also reported a general 
increase in turbulence levels with this effect being more pronounced at higher air 
volume fractions and close to the je t exit. It was hypothesized that the relative size of 
bubbles and turbulent eddies plays an important role in determining whether turbulence 
is enhanced or attenuated by the presence of bubbles.
It is obvious that a limited amount o f work has been done on bubbly air-water 
jets. The majority of the work thus far has been concentrated on the frilly developed
16
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region o f the jet with the exception of Kumar et.al. (1989). In addition, only Sun (1985) 
measures velocity properties o f the gaseous phase and no attempt has been m ade to 
locally characterize bubble diameter/shape. The contradictions between Sun (1985) and 
Chuang (1970) with respect to liquid phase turbulence intensity could be attributed to 
differences in bubble diameter and/or bulk flow conditions but might also be attributed 
to variations in the flow field in the developing region upstream of their measurements. 
Non-intrusive measurement o f liquid and gaseous phase velocity properties, bubble 
diameter, and phase distribution in both the developing and fully developed regions o f  
the je t is needed in order to fully characterize the flow field.
1.5 PLANE SHEAR FLOWS
Recent studies in shear flows have emphasized the importance of the dynamics 
o f bubble interactions with vortical structures and their role in modification o f  bubble 
motion and turbulence characteristics o f the carrier phase. Bubble interaction with 
vortices either through entrainment o f small bubbles (Sridhar & Katz, 1996) or 
enhanced vortex pairing due to the presence o f large bubbles (Taiebi-Rhani, 1994) can 
affect shear layer evolution. As a result, it is possible that both carrier phase mean 
velocity and RMS velocity fluctuations are affected.
Cook and Harlow (1986) conducted a computational study of a Von Karman 
vortex street for bubbly flow behind a rectangular obstacle. Small bubbles o f th-e order 
of 200 pm were entrained by the vortices. Local vortex void fractions were as high as 
21-40% for bulk flow void fraction conditions o f only 2.8-10%. These observations 
indicate the possibility of sharp variations in local void fraction in shear flows.
17
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Bubble entrainment by vortical structures was investigated numerically by 
Reutsch and Mieburg (1994). The authors compared numerical models, which allowed 
one-way coupling and two-way coupling o f carrier fluid and bubble motion. Results 
indicated that bubble entrainment rates were reduced for the two-way coupled case. 
This was attributed to the weakening o f vorticity near the vortex core, due to the 
presence o f  bubbles. Bubble entrainment rates varied inversely with respect to a 
settling velocity parameter and an inertial parameter, or inverse Stoke’s number.
Hunt et. al. (1994) performed computations for a horizontal shear layer and a 
vertical downwards shear layer for varying values o f  an inertia parameter, n=AU2/2gx, 
and a trapping parameter, T=AU/VT. It was found that trapping began around T=10 
when inertial forces were weak and reduced to T=3 when inertial forces were 
comparable to buoyancy (TI=0.5). In the vertical mixing layer, bubbles were also 
trapped and their concentration was skewed towards the high velocity side o f the 
mixing layer when IT exceeded 0.05.
Taiebi-Rhani (1994) concluded that for bubbles of size comparable to shear 
layer thickness, two modes o f modification in carrier phase fluctuation levels were 
possible. Bubble could either increase dissipation o f eddies comparable to the bubble 
size through unsteady bubble wake effect (pseudo-turbulence) or increase energy at 
larger scales through enhancement o f pairing. The author emphasized the importance 
of distinguishing true vortex flow modulation from “pseudo-turbulence” due to bubble 
wake perturbations.
Sridhar and Katz (1996) showed that the entrainment o f small bubbles 
(approximately 2%  o f  the vortex core size) by a vortex ring could cause macroscopic
18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
deformations, which arise due to the induced motion o f the bubble wake. The authors 
found that bubble entrainment rates and the resultant modification of the vortex core 
were highly dependent upon the bubble size and vortex strength. Results showed that 
large bubbles were not entrained by weak vortices and that very small bubbles entrained 
by strong vortices had little effect on the vortex structure. The effect o f entrained 
bubbles which fell in between these two extremes was to displace the vortex core 
upwards and increase the vorticity locally. These effects were found to be due to the lift 
and drag forces o f the bubbles with the drag forces being responsible for the majority o f 
the modification.
Studies by Esmaeeli and Trygvasson (1996) conducted DNS simulations o f 
“bubbles in a box”, or more simply a swarm o f bubbles in quiescent flow. Results 
indicated that the plume effect o f a large swarm o f bubbles gives rise to large scale fluid 
motion in an otherwise quiescent liquid. Thus showing that energy can be channeled 
towards larger scales o f motion o f the carrier phase through the interaction with large 
swarms o f bubbles, or what the authors termed as an “inverse energy cascade”.
The body o f work conducted in this area thus far indicates that bubble 
entrapment in shear layers by vortical structures is highly dependent upon bubble size, 
or the associated buoyant forces, and shear layer or vortex strength. It has also been 
shown that bubble interactions with vortices through entrainment or through the 
unsteady wake effect o f larger bubbles can significantly effect vortex 
structure/dynamics as well as phase distribution in the shear layer. This in turn affects 
the growth rate o f  the shear layer and thus the mean and RMS velocity o f the carrier 
phase in free shear flows.
19
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1.6 PRESENT INVESTIGATION
This study has investigated the effects of bubble size and phase distribution on 
the liquid and bubble phase flow fields in a dispersed, bubbly axisymmetric jet. Of 
primary interest was the interaction of the bubbles with large-scale structures in the 
developing region o f the jet. Past efforts paid little or no attention to the two-phase 
flow field in this region of the flow. Bubble-caxrier phase dynamics in this region play a 
key role in the downstream evolution of the flow field. This combined with the lack of 
attention in previous investigations given to the relative size o f bubbles and liquid 
phase turbulence scales could explain some of the discrepancies previously noted at 
similar bulk flow conditions. Measurements were made non-intrusively via Laser 
Doppler Velocimetry (LDV), Phase-Doppler Analysis (PDA) and video imaging 
techniques. These methods were chosen to eliminate the possibility o f bubble-probe 
interactions, which are present with existing intrusive techniques (hot-film anemometry, 
resistivity probes, optical fiber probes etc.). Liquid Reynolds’ numbers were varied 
from approximately 6,000 to 18,000 while gas volume fraction ranged from 0 to 3%. 
Bubble sizes achieved in this study ranged from approximately 500 pm to 1500 pm. It 
is clear from the values of volume fraction given that the flows in this study were dilute. 
This was done intentionally to minimize the possibility o f bubble-bubble interactions 
and as such, represents a simpler case. This study has been divided into three stages, 
Phases I-HI which are described below.
Phase I o f the bubbly jet study consisted o f single component PDA 
measurements of bubble velocity properties and single phase liquid properties with 
video imaging used to verify bubble diameter measurements. This phase of the study
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concentrated on the effects o f  bubble size and size distribution on the average and RMS 
fluctuation velocities o f the bubbles in the developing and fully developed regions o f 
the jet. Three experiments were run at a  fixed Reynolds number and a single 
superficial gas velocity. The three cases examined were different in that the bubbles 
were generated by three different injection assemblies. This resulted in modestly 
different average bubble sizes with different shape and size distributions. A one- 
component Phase-Doppler Velocimetry system was employed to measure bubble size 
and velocity. The measurements of size distribution rendered by this system in the case 
o f non-spherical bubbles is related to the local curvature o f the scattering and the 
orientation o f the bubble with respect to the optical measuring volume surface (Naqwi 
and Durst, 1992; Tassin and Nikitopoulos, 1994). Thus the measured distributions 
contain information o f size, shape and orientation. The signatures o f these size 
distributions were correlated to variations in the bubble velocity data. The results of this 
phase o f the study addressed the variation of bubble properties alone leaving liquid- 
phase results to be examined in subsequent phases.
In Phase II, measurements were carried out in the developing region of the 
bubbly jet. Experiments were conducted at a three different values o f jet-exit Reynolds 
number (Rejet of approximately 6,000; 12,000; and 18,000) and two different values of 
gas superficial velocity with two distinctive average bubble sizes. A one-component 
Phase-Doppler Analysis (PDA) system was employed to measure bubble-size and 
velocity non-intrusively. Axial mean velocities and RMS velocity fluctuations were 
reported for the liquid and bubble phases. In some cases, radial profiles of axial 
velocity were obtained at axial locations of x/DjCt=4 and 8. Axial centerline velocity
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profiles were obtained from the je t exit up to x/Djet=20. Measurements show that 
differences in bubble-size, size distribution, and phase distribution influence the mean 
flow evolution, the fluctuation intensity o f the carrier liquid phase, bubble relative 
velocities, and the RMS velocity fluctuations o f the bubbles in the je t development 
region. In the near field o f the jet, results show significant modification o f  the carrier 
phase mean velocity and turbulence intensity at the lowest and highest je t Reynolds’ 
numbers. These effects were much less pronounced for the intermediate je t Reynolds’ 
number. These observations were correlated to the size, concentration, relative velocity 
and RMS velocity fluctuations o f  the bubbles. Liquid phase mean velocity 
enhancement and turbulence intensity attenuation were observed in the far field o f the 
je t for the lowest jet Reynolds’ number, possibly due to the buoyancy effect o f the 
bubbles. Significant modification o f these quantities in the far field o f the jet was not 
observed at higher jet Reynolds’ numbers. Bubble frequency profiles indicate that 
bubble migration both radially inwards and outwards occurs in the developing region of 
the jet. Bubble relative velocities are shown to deviate considerably from those 
predicted by steady or quasisteady-state correlations. These observations suggest that 
the unsteady interactions between bubbles and liquid phase large-scale structures 
strongly influence bubble motion and phase distribution in the developing region of the 
jet.
Phase in  of the bubbly jet study employed a two-component Phase Doppler 
system in conjunction with high speed video imaging to examine the interaction of 
bubbles with large scale structures in the developing region of the flow. Measurements 
were made at three liquid Reynolds’ Numbers (Rejet=6,000, 12,000, 18,000) and a gas
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flow rate o f Qg=90 cc/m. The resulting gas volume fractions were approximately 
Pg=l .0-3.0%. Experiments were performed for two distinct average bubble sizes. The 
two-component PDA system was used to obtain two dimensional velocity field data for 
the bubbles (U, u’,V, v \  u’v’) and was also used to measure bubble diameter and 
passage frequency. Single component velocity data were acquired for the liquid phase. 
The high-speed video imaging (1000 Hz) was used to visualize bubble interaction with 
large scale liquid flow structures in the developing region for two-phase conditions. The 
effects o f bubble size and phase distribution on the development o f the axisymmetric 
shear layer as well as liquid phase velocity properties in general were examined. These 
data were put into perspective with respect to traditional two-phase flow parameters as 
well as previous experimental, analytical and computational works. A critical value of 
Db/Z=0.l was found to be a qualitative indicator above which turbulence intensity is
enhanced and below which turbulence intensity is attenuated. The value o f this 
parameter agrees with the value given for particulate flows in a previous investigation. 
Measurements o f turbulent kinetic energy spectra in the two-phase flow situation are 
needed to better understand the interaction between bubbles and the turbulent kinetic 
energy spectrum. In addition to providing insight into the mechanisms affecting bubbly 
flows, these detailed measurements in the developing region of the jet can also be used 
as benchmarks for future computational studies.
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CHAPTER 2 - EXPERIMENTAL FACILITY
2.1 BUBBLY JET FACILITY
A schematic diagram o f the bubbly jet facility is shown in Figure 2-1. Tap 
water was supplied through a filter to the pump from the degasification tank and was 
subsequently pumped overhead to a  supply tank containing baffles to minimize the 
motion of the free surface. The water was then gravity fed into the je t tank. The gravity 
feed was used to minimize fluctuations induced by the pump. The liquid flow raite was 
controlled by adjusting control valves at the exit o f the pump and supply tank. Water 
was returned to the degasification tank via a flat overflow spout at the top of the j e t  tank 
in order to minimize fluctuations due to the motion of the free surface. In addition, a 
flat piece o f foam floated on the surface o f the water to eliminate surface waves. Air 
was supplied to the injector assembly by a pressurized air line. Air flow to the injector 
assembly was controlled by a micro-metering valve positioned at the assembly inl-et.
The jet tank was constructed of 1/2" cast acrylic sheet and had a square cross- 
section of 686 mm on a side with a height o f 1016 mm. Stiffeners were added o n  the 
side panels of the tank in order to minimize bowing due to hydrostatic load- The 
centerline of the jet was located diagonally opposite to a comer o f the jet tank: at a 
distance of 101.6 mm from each side to accommodate the focal lengths o f the optical 
system used. A detailed diagram o f the jet assembly is given in Figure 2-1. Tlhe jet- 
nozzle was designed using a cubic contour to provide a "top-hat" profile at the j e t  exit 
and a low value of the exit turbulence intensity (approximately 2%) according to 
guidelines given by Morel (1975).
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Figure 2-1. Schematic of Bubbly Jet Experimental Facility
2.1.1 Phase I Bubble Injection System
Air and water were supplied to the jet via the assembly shown in Figure 2-2. Air 
was supplied to the je t via an injector assembly made o f stainless steel tubing. The 
main trunk o f the injector assembly was 1/8" OD stainless steel tubing. The injectors 
were arranged in equidistant clusters and attached to the main trunk using water 
resistant epoxy. Three different sizes o f stainless steel tubing were used to generate 
three different bubble sizes. For larger bubbles, 25 gauge tubing was used and for 
smaller bubbles, 28 or 32 gauge tubing was used. The inside diameters of these tubes 
were 0.260 mm, 0.184 mm and 0.108 mm respectively. The number of injectors per 
cluster varied from 4 to 8 depending on the flow rate. The tips o f the injectors were 
positioned eight je t diameters upstream of the jet exit. This was done to ensure a
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mm
homogeneous bubbly mixture and to minimize the effect of the injectors on the liquid 
flow field. Natural tap water was used as the continuous phase with natural 
contaminants being used as seeding particles.
2.1.2 Phase II and III Bubble Injection System
Air and water were supplied to the jet via the assembly shown in Figure 2-3. 
Air was supplied to the jet via four to twelve injectors, depending on the flow rate 
required, symmetrically spaced inside an injection manifold with 1/2” ID. The injectors 
were constructed o f 32 gauge tubing which was connected to 1/8” OD stainless steel 
tubing via water resistant epoxy. The inside diameter o f the 32 gauge tubes was 0.108 
mm. The tips o f the injectors were positioned normal to the liquid velocity field at a 
location o f  40 jet diameters upstream of the jet exit. This was done to ensure a 
homogeneous bubbly mixture and to minimize the effect of the injectors on the liquid 
flow field. Water was supplied to the jet via two 3/4” PVC lines and one 1/2” PVC 
line. The 1/2” PVC line contained the bubble injection manifold and was aligned with 
the axis o f symmetry of the jet. The water flow rate through the bubble injection 
manifold could be varied by adjusting balancing valves in each of the water lines. 
Varying the water flow rate through the injection manifold made it possible to produce 
widely different average bubble sizes with the same injector configuration. A surfactant 
(Kodak PhotoFlo 200) was added at a concentration of 0.3 ml per 1 of water to increase 
surface tension. This aided in reducing bubble coalescence and deformation.
2.2 PHASE I EXPERIMENTAL FLOW CONDITIONS
The measurements for Phase I of this study were conducted at jet Reynolds’ number of 
RejCt=l 1,565 and a single gas flow rate o f Qg=30 cc/m as indicated for Cases
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T ab le 2-1 . E xperim ental Flow  C o n d itio n s
CASE Reirt (cc/m) 3(%) _ Dhfmn) Snhfum) Frfx/D=0.08 Frfx/D=20>
I 11,565 30 0.47 1475 367 4830 —
II 11,565 30 0.47 2378 515 29.96 —
II 11,565 30 0.47 1464 411 48.66 —
111 5,783 30 1.00 670 143 25.64 2.60
112 5,783 30 1.00 1355 219 12.48 1.07
121 5,783 90 3.00 800 175 12.73 1.62
122 5,783 90 3.00 1748 333 10.08 1.01
211 11,565 30 0.47 577 136 121.29 9.97
212 11,565 30 0.47 1486 241 48.18 4.70
221 11,565 90 1.49 582 150 57.03 5.03
222 11,565 90 1.49 1724 364 49.34 4.54
311 17,348 30 032 467 98 342.34 27.52
312 17,348 30 032 1101 321 155.45 11.97
321 17,348 90 1.00 517 186 151.74 1333
322 17,348 90 1.00 1455 448 154.96 1238
I, II, and EH in Table 2-1. The cases were different in that the mean bubble size and size 
distribution were varied at fixed bulk flow conditions. The average bubble sizes and 
their standard deviations reported in Table 2-1 for Cases I, H, and III of Phase I were 
obtained from video image data obtained near the jet exit and are area based. The 
Froude number, Fr, in Table 2-1 reported for these cases is based on the mean bubble 
diameter measured and the liquid superficial velocity. Measurements in this phase of 
the study were focused on bubble size effects on the bubble velocity properties with 
single phase liquid measurements included as a reference.
2.3 PHASE H EXPERIMENTAL FLOW CONDITIONS
Phase II o f this study consisted of measurements conducted at three different 
values o f je t Reynolds’ number, Rejet=5,783, 11,565, and 17,348, and a single value o f 
gas flow rate, Qg=30 cc/m. Bubbles o f two distinct sizes were generated for each set of
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bulk flow conditions examined. These cases are denoted as Case 111, 112, 211, 212, 
311 and 312. As discussed earlier, a surfactant was added to increase surface tension 
resulting in more spherical bubbles and the ability to generate a wider range o f bubble 
sizes. The resulting increase in sphericity o f the bubbles enabled more reliable Phase- 
Doppler diameter measurements at larger bubble sizes. Accordingly, the values of 
average bubble diameter and standard deviation reported for the cases in Phase II were 
derived from Phase-Doppler measurements.. The values o f Froude number reported in 
Table 2-1 are based on the mean bubble diameters measured and the local liquid 
centerline velocity. The purpose o f  this phase o f  the study was to investigate Reynolds’ 
number, bubble size, and phase distribution effects on the velocity properties o f the 
bubble and liquid phases.
2.4 PHASE HI EXPERIMENTAL FLOW CONDITIONS
Similar to the Phase II measurements, the measurements in Phase HI o f this 
study were conducted at the same three values of jet Reynolds’ number with two 
distinct bubble sizes generated for each bulk flow condition. The gas flow rate was 
increased to a value o f Qg=90 cc/m in an effort to obtain more moderate volume 
fractions. These cases are denoted as Case 121, 122, 221, 222, 321, and 322. The large 
bubbles generated in this phase o f the study were larger than their counterparts at the 
lower gas flow rate. Due to the weakening o f surface tension forces at large bubble 
diameters, shape distortion was observed for these bubbles particularly in the shear 
layer near the jet exit. Departure from a spherical shape can result in unreliable Phase- 
Doppler size measurements as discussed previously. As a result, the values o f mean 
bubble diameter and standard deviation reported for the large bubbles in this phase were
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based on video imaging measurements. The remaining parameters were estimated in 
identical fashion to those in Phase II. The purpose if  this phase of the study was to 
characterize the effects o f  Reynolds’ number, bubble size, and phas-e distribution on the 
velocity properties o f the bubble and liquid phases at more moderate volume fractions.
2.5 SUMMARY
Experiments have been conducted at three values of je t Reynolds’ number, two 
values o f gas flow rate, and at least two distinct bubble sizes in an effort to investigate 
the effects o f bulk flow rate, bubble size, and phase distribution on the velocity 
properties o f the two phase flow field. It is evident by the magnitude o f the Froude 
numbers achieved in these experiments that the je t is driven primarily by liquid phase 
momentum and not by bubble buoyancy as in plumes. This is true with the possible 
exception o f  the lowest Reynolds number cases in the far field o f the jet. It is clear that 
the flows examined in this study were dilute. Such dilute flows wexe chosen at present 
because they involve a lesser possibility o f considerable inter-bubble interactions and in 
that sense they represent a much less complicated case.
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CHAPTER 3 - INSTRUMENTATION AND DATA ACQUISITION
3.1 PHASE DOPPLER SYSTEM
A schematic o f the instrumentation used for the bubbly je t measurements is 
shown in Figure 3-1. A light-scattering technique (Phase-Doppler Velocimetry) was 
used to measure liquid velocity as well as bubble velocity and size. The one- 
component phase-Doppler system employed in this study was based on a standard two- 
beam configuration. The intersection o f  the two beams defined the probe volume. 
According to the principles o f laser-Doppler velocimetry, the speed o f the 
particle/bubble crossing the probe volume is calculated from the Doppler frequency 
shift o f  the scattered light (Durst et. al., 1981) as:
the transmitting optics in millimeters. A 40 MHz frequency shift was introduced in one 
o f the two laser beams and the consequent motion of the fringe pattern enabled the 
determination of the velocity direction. According to the phase-Doppler method, the 
size o f the spherical or quasi-spherical particle/bubble can be determined from the 
phase-difference o f the scattered light as received from two different vantage points by
Where fo is the doppler frequency, X is the incident laser light wavelength and 0 is the
beam intersection angle defined as:
f  L \
Where bs is the transmitting beam separation in millimeters and ft is the focal length o f
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using a corresponding number o f photo-detectors (Durst & Zare, 1975). The scatterefs 
size is proportional to the phase difference as follows:
m g
Where <J> is the measured phase difference between two photodetectors, X is the incident 
liqht wavelength, ni is the index of refraction of the scattering medium, and § is a 
proportionality constant (size factor) depending on X, 0, the scattering angle P, the 
elevation angle, vj/, o f  the photo-detector. In the case o f  bubbles that are transparent, 
several modes o f scattering may result. For most cases o f practical interest the most 
significant modes are reflection, first order refraction, and second order refraction 
(Brena de la Rosa et. al. 1989). When the diameter o f the incident beams is comparable 
to the bubble size, all three modes can be received at a given scattering angle (reception 
angle). The scattering angle is defined for each detector by (a) the off-axis scattering 
angle (P) measured from the forward optical axis (z-axis in Figure 3-1) o f the 
intersecting beams on the scattering plane (y-z plane on Figure 3-1) which is 
perpendicular to the beam plane (x-z plane on Figure 3-1), and (b) an elevation angle 
measured from the optical axis o f the receiver to the intersection o f  the scattering plane 
with a plane perpendicular to it containing the optical axis o f the receiver. The intensity 
o f different scattering modes depends on the scattering angle and the polarization. In 
order to successfully measure bubble size it is advantageous to receive and analyze a 
single scattering mode. In this case, reflected light was used. According to 
scattered light intensity calculations performed by Tassin & Nikitopoulos (1994),
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Figure 3-1. Schematic of Phase-Doppler and Video-Imaging Setup for Bubbly Jet
reflected light out-powers the other two modes combined by an order of
magnitude when the off-axis scattering angle is within the range 68°<P<90° for
perpendicular polarization and 71.5°<P<89° for parallel polarization. The light- 
scattering system consisted o f a Spectra-Physics 2000 series argon-ion laser, fiber 
optic transmitting cable, transmitting and receiving optics, photo multipliers, and signal 
processing unit. The receiving optical assembly included three receiving detectors 
rather than two, the redundant detector serving the purposes of validation and size 
dynamic range extension. Elevation angles could be varied approximately between 0°
and 6° for each detector. The optical equipment and signal processing unit were 
manufactured by Dantec.
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3.1.1 Phase Doppler Optical Parameters
Two different optical configurations were used in the experiments depending on 
whether liquid or bubble phase data were being acquired. For the Phase I bubbly jet 
measurements of liquid phase data, the system was configured to give a beam 
intersection half angle o f  5.34° and receiving optics elevation angles o f  1.98° and 0.8°. 
This was achieved by using a 160 mm focal length transmitting lens which was 
borrowed for this phase o f  the study. This setup provided the maximum velocity and 
size resolution achievable with the given hardware. For bubble data acquisition, the 
system was configured to give a beam intersection half angle o f 0.55° and a receiving 
optics elevation angle o f 1.03° and 0.41°. This configuration provided the maximum 
velocity resolution attainable while allowing measurement o f the larger diameter 
bubbles. Although the z-dimension o f the probe volume can be quite large, spatial 
resolution is not compromised because the portion o f the measuring volume visible to 
the receiving optics has been experimentally determined to be only 370 pm.
Similarly, for Phase II, the optics were setup to obtain the maximum velocity 
resolution possible. In this phase of the study, however, only a 310 mm focal length 
transmitting lens was available. This led to a reduction in beam intersection half angle, 
and therefore, a reduction in velocity resolution. In addition, bubble velocities were 
measured with the liquid velocity setup with the diameter measurement turned off. 
This increased the velocity resolution for the bubble measurements. Bubble size 
measurements were made separately with the system set for acquisition o f the larger 
diameter bubbles. Table 3-1 contains a summary o f the optical parameters, probe
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volume sizes used in this study, as well as the velocity and diameter resolution achieved 
with each setup.
For Phase in  o f  the study, a  two-component PDA system will be employed 
which uses green light (514.5 nm) for U velocity measurements and blue light (488 nm) 
for V velocity measurements. The signal processor has been equipped with a 
coincidence filter such that signals are only validated if  they are validated on both 
velocity channels. The U and V photomultipliers are equipped with band-pass filters so 
that they receive only scattered light in their respective colors. The 160 mm focal 
length lens has again been made available. As a result, the optical parameters will be 
the same as for Phase I in order to increase signal visibility and velocity resolution. 
However, the measurement approach will be the same as that described for Phase II of 
this study.
The off-axis scattering angle indicated in Table 3-1 corresponds to total 
reflection and has been used successfully by Tassin & Nikitopoulos (1994). The 
smallest size factor indicated in Table 1 corresponds to the photo detector pair with the 
largest elevation angle difference, while the largest corresponds to the photo detector 
pair with the smallest elevation angle difference. Since the largest measurable phase 
angle difference for any detector pair is limited to the range 0° to 360° the detector with 
the higher size factor is used to resolve ambiguities when the actual phase difference
exceeds 360° on the more sensitive photo detector, thus extending the measurable size 
range. This is done by using a two level consistency check. First the sum o f the 
measured phase differences from the three possible photo detector pairs is required to 
form a closed loop to within a  preset tolerance (typically 20°).
36
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A012 + A<D23 -  A0>13 < 20°
Where A<1> 12 is the phase difference measured between the first and secoad photo­
detector, etc. Second, the ratio of the phase differences measured by the most and least 
sensitive photo detector pairs is equal to the inverse of the ratio of the corresponding 
size factors to within a preset tolerance (typically 20%-30%).
=  & - ±  (20% -  30%)
A013 J3n
Resolution is not compromised in such a case as the smallest size factor is used to 
calculate diameter in all cases. The measured phase difference vs. particle diameter 
relationship for two sets o f photo-detectors is illustrated in Figure 3-2.
3.1.2 Seeding Particles
Natural impurities in the water supply were used as seed for liquid 
measurements in Phase I o f the bubbly jet experiments. For the measurements in pure 
liquid, of all the samples recorded within the measurable range, all those registering a 
size above a threshold value (typically 30 pm) were rejected. The remaining were 
interpreted as coming from seeding particles and were used to calculate liquid velocity 
properties. In this way, the velocity properties were deduced from seed particles with 
acceptably low sedimentation velocities and response times. This was deemed a prudent 
safeguard since the natural impurities in the water supply were used as seed.
In Phase II and HI of the bubbly jet experiments, Sphericel™ hollow glass 
spheres were used as seeding particles for obtaining liquid phase data. The light 
scattering characteristics o f these particles were considerably better than those o f 
natural seeding which resulted in clearer and higher amplitude Doppler signals.
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Table 3-1. PHASE-DOPPLER Optical Parameters
Phase I Phase II Phase III
Parameter Liquid
Data
Bubble
Data
Liquid
Data
Bubble
Data
Liquid
Data
Bubble
Data
Beam Int.
Half Angle (°)
5.34 0.55 2.77 2.77 5.34 5.34
Off-Axis
Scattering Angle (°) 77.34 77.34 77.34 77.34 77.34 77.34
Elevation Angles (°) 1.98/
0.8
1.03/
0.41
1.98/
0.8
1.03/
0.41
1.98/0.
8
1.03/
0.41
Probe Volume:
x-Dimension (mm) 0.1052 0.203 0.145 0.145 0.1052 0.203
y-Dimension (mm) 0.1048 0.203 0.145 0.145 0.1048 0.203
z-Dimension (mm) 1.13 21.0 3.006 9.999 1.13 21.0
Number o f  Fringes 50 10 36 36 50 10
Fringe spacing (pm) 2.074 19.938 3.9956 3.9956 2.074 19.938
Velocity 
Resolution 
(%  o f full scale)
0.4 0.4 0.4 0.4 0.4 0.4
Size Factors:
Minimum (3 12) (pm/°) 0.205 3.807 0.499 2.538 0.205 3.807
Maximum(pi3 ) (pm/°) 0.698 12.970 0.998 8.643 0.698 12.970
This in turn resulted in higher absolute data rates for the liquid phase as well as higher 
validation due to better signal quality. These particles had a specific gravity o f 1.1 and 
mean diameter o f  approximately 10 pm. Similar to the Phase I measurements, all 
samples registering a size above 15 pm were rejected to ensure acceptably low 
sedimentation velocities and response times.
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Figure 3-2. Phase Difference vs. Particle Diameter Relationship for Most and 
Least Sensitive Photo-detector Pairs for a Given Hardware Setup.
3.1.3 Phase Discrimination
3.1.3.1 Liquid Seeding Particle Size/Velocity Data
When measurements were made in the two-phase flow situation with the optical 
parameters set for acquisition o f liquid data, the possibility existed for erroneous size 
measurements due to aliased signals from larger diameter bubbles. If the size o f the 
bubbles was much greater than the dynamic size range for diameter measurement, as 
was the case in this study, the actual phase difference o f  a bubble signal was much 
greater than 360° on each pair o f  photodetectors. In this case the reported phase 
difference for each pair o f photodetectors was the modulus o f the actual phase 
difference and 360°. As a result, it was possible for a fraction o f these erroneous phase
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difference pairs to satisfy the previously mentioned validation criteria and be reported 
within the dynamic size range. Figure 3-3 (a-b) contains a  plot o f the actual bubble 
diameter measured with the optical setup for bubbles and aliased bubble diameter 
measured with the optical parameters set for acquisition o f liquid data. It was evident 
that signals from bubbles throughout the range o f sizes produced in this study could be 
validated and reported erroneously within the dynamic size range. Thus it was necessary 
to perform the following additional validation and discrimination procedures: 1) An 
upper diameter limit was set to not only discard signals from bubbles but to also ensure 
that only signals from particles small enough to respond to the flow would be 
accepted; 2) In some cases, the bubble and liquid velocity histograms were well 
separated such that an upper velocity cutoff for liquid data rejected velocity signals 
which came from bubbles; 3) For the dilute flows examined here, the relative data 
rate produced from seeding particles as compared to bubbles was very high (O(102- 
103)) therefore it was reasoned that based on data rate alone a significant bias was 
unlikely. In addition to the validation criteria noted above, it should be noted that by 
varying the diameter sensitivity of the photomultipliers , via varying the angle 
adjustment setting on the receiving optics, it was possible to find an angle adjustment 
setting where the diameter aliasing is a minimum. These tests were conducted for 
three different bubble sizes and the results are shown in Figure 3-4 in the form o f 
aliased bubble validation frequency per 5,000 validated liquid samples. The bubble 
frequencies shown in the legend are the true bubble passage frequencies. It is clear 
from this graph that the optimum angle adjustment setting to minimize bubble diameter 
aliasing is 1.75 mm.
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Figure 3-3. Actual Bubble Diameter Measured with Optical Setup for Bubbles (a), 
and Aliased Bubble Diameter Measured with Optical Setup for Liquid (b).
Another means o f testing for possible bias due to aliased bubble signals is to 
examine the velocity histograms for single phase liquid, liquid in the two-phase 
situation, and bubbles. Figure 3-5(a-f) contains velocity histograms for these three 
quantities obtained via the Phase-Doppler system at the lowest Reynolds’ number and 
highest gas flow rate. These histograms were obtained in a region of the flow 
where the relative data rate o f liquid seeding particles to bubbles was lowest (i.e. the 
region where we would expect the highest probability o f bias due to aliased bubble 
signals). If biasing due to bubble velocities was present, we would expect to see 
distortion o f the two-phase liquid velocity histograms. It is clear from Figure 3-5 that 
this was not the case, thus instilling confidence in our measurements.
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Figure 3-4. Rate of Bubble Signal Aliasing per 5,000 Liquid Samples
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3.1.3.2 Bubble Velocity/Size Data
The optical setup used to acquire bubble data was not sensitive enough to accept 
signals from small particles. Also, a sufficiently high signal to noise ratio 
requirement was used as an additional deterrent to bias from small particle generated 
signals when acquiring bubble data. It is well known that both signal amplitude and 
visibility are increasing functions of the scatterer's size.
3.1.4 Two and Three Dimensional Measurements For Phase II
The single-component phase-Doppler measuring system has been used to obtain 
three-dimensional bubble velocity measurements for Phase II o f  the bubbly jet flow.
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Figure 3-5. Velocity Histograms obtained by the Phase-Doppler system for single 
phase liquid (a-b), two-phase liquid (c-d), and bubble (e-f).
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This was achieved by taking measurements at three different angles o f the incident- 
beam plane with respect to the axis o f the jet rotating about the transmitting optical 
axis. In our case the angles o f rotation were 0° (axial direction), +45° and -45°. Use o f 
these angles minimizes angle uncertainty effects. Based on these measurements the 
velocity at 90° and the corresponding RMS fluctuation and cross-correlation is given by 
the following expressions:
This method has been used successfully in the past by Theofanous and Sullivan (1982). 
When traversing the y-direction (Figure 3-1) this scheme renders axial (u) and 
azimuthal (w) velocity measurements and when the z-direction (Figure 3-1) is traversed 
axial (u) and radial (v) velocity measurements are obtained. Thus the axial velocity is 
measured along two perpendicular radii o f the je t allowing a check of axisymmetry 
which has not been implemented in previous investigations. The main drawback o f the 
method is that the possibility of high uncertainty exists in the estimation of the velocity 
properties perpendicular to the main flow direction particularly when they are 
small. Another drawback is that this method requires six radial scans to obtain 
three-dimensional measurements, which leads to prohibitive data acquisition time. Size 
was measured only at 0° both during the liquid and bubble measurements.
(3-1)
and for verification.
jT  ^ + 45 +  ^ -4 5
V2
(3-2)
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3.1.5 Repeatability of Velocity Measurements
To ensure confidence in velocity data obtained via the Phase-Doppler system it 
was necessary to verify repeatability o f the measurements. Figure 3-6(a-j) contains 
representative repeatability plots for Rejet—17,348 and Qg=90 cc/m along the centerline 
for single phase liquid velocity, two-phase liquid velocity for large and small bubbles, 
and bubble velocity for large and small bubbles. Data from the centerline scans are 
compared to the centerline points obtained in the radial scans at x/Djet=4, 8, and 16. The 
velocity data are repeatable within experimental error in all cases, lending confidence to 
our velocity measurements. Other cases exhibited similar repeatability, but have been 
omitted in the interest of brevity.
3.2 LOW SPEED VIDEO IMAGING SYSTEM
An image-processing-aided video method (Tassin & Nikitopoulos, 1994) was 
also used to measure average bubble size o f larger non-spherical bubbles in Phases I 
and II. The size measurement of such bubbles by the phase-DoppIer system reflects an 
average radius o f curvature of the scattering portion of the surface o f the bubble. This 
has been argued on theoretical grounds by Durst and Zare (1975) and experimental 
evidence has been presented by Brena de la Rosa et. al. (1989) and Tassin & 
Nikitopoulos (1994). The video-imaging system consisted of a Cohu interlaced CCD 
camera with a 5 1 2 X 5 1 2  sensor array equipped with a 50 mm lens synchronized with a 
General Radio Company Strobotac strobe light. The necessary magnification was 
obtained by placing extension tubes between the camera body and the lens. The video 
signal was recorded by a Hitachi Super VHS video recorder. Images were digitized by 
a video frame-grabbing and digitizing board (512 X 512 pixel resolution) installed in a
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Figure 3-6. Repeatability Plots for Velocity Data Obtained Via the Phase-Doppler System.
personal computer. Standard image processing algorithms and software were used for 
video data analysis performed according to Tassin & Nikitopoulos (1994).
3.3 HIGH SPEED VIDEO IMAGING SYSTEM
In Phase EH o f the study, a Kodak Ektapro Motion Analyzer, Model 1000 HRC, 
was used to obtain high speed (up to 1000 Hz) digital images o f the developing region 
o f the flow. The digital images acquired had a pixel resolution of 384 X 512 which 
resulted in spatial resolution o f 117 pm for the magnification used. In this manner it 
was possible to qualitatively observe the bubble-large scale structure interaction in the 
developing region o f the flow, which augmented the PDA measurements made in this 
area. Video sequences were also used qualitatively to observe bubble motion, distortion 
and break-up in the shear layer. Area-based bubble diameter measurements were 
acquired as well for comparison to diameter measurements acquired via the PDA 
system. These measurements combined with the detailed local PDA measurements 
discussed earlier, lent valuable insight into the mechanisms of bubble-liquid phase 
interactions, which were evidenced in all phases o f this study.
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CHAPTER 4 - DATA REDUCTION
4.1 ESTIMATION OF VELOCITY MOMENTS FOR PHASE I OF THE 
BUBBLY JET STUDY
In Phase I o f the bubbly jet study, the measured flow liquid mean velocities U, 
bubble mean velocities, U^, liquid velocity RMS fluctuations, VzT*~, and the bubble
velocity RMS fluctuations-y/uh were calculated using the standard statistical 
summation method proposed by Durst et. al. (1976). The arrivals o f scatterers in the 
control volume are considered discrete events, and therefore are analyzed by statistical 
methods. The basis of this analysis was the assumption that the velocity distributions 
are gaussian. The liquid velocity histograms obtained were well represented by a 
gaussian distribution. It is understood that the bubble velocity distribution may not be 
gaussian because o f the non-gaussian distribution o f bubble sizes and the non-linear 
dependence o f the bubble rise velocity on size, particularly for larger non-spherical 
bubbles (Clift et. al., 1978). The bubble size distribution, as mentioned previously, is 
dictated by injection characteristics as well as the flow characteristics in the jet nozzle 
and the je t itself, therefore there is no assurance that the bubble size is indeed gaussian. 
It should be noted, however, that the bubble velocity histograms obtained did not 
drastically depart from a normal distribution, and thus their statistical treatment was 
deemed adequate. In addition to the graphical comparisons regarding the shapes of the 
velocity distributions, the skewness and flatness o f each distribution was estimated and 
a normal probability linear regression was performed. Press et. al. (1989) have given 
-s/6/N  and V24I N  as estimators o f the standard deviation o f  the skewness and 
flatness estimates respectively. They also indicate that it is good practice to believe in
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skewnesses or flatnesses only when they are several or many times greater than the 
standard deviations for the qixantity. Over 90% o f the data points had skewnesses or 
flatnesses less than 3 times thie standard deviation for each quantity. The correlation 
coefficients of the normal pro bability linear regression were greater than 0.9 for over 
90% o f the data as well. The above information led to the conclusion that the velocity 
distributions were approximately normal and the applied statistical analysis would be 
adequate.
4.2 STATISTICAL ERROR ESTIMATES FOR PHASE I OF THE BUBBLY JET 
STUDY
The 95% confidence level statistical error estimates shown in Table 4-1 were 
calculated using the method proposed by Yanta & Smith (1973).
Table 4-1. Statistical Error Summary
Data Type ! x/D Radial
Location
Liquid 0.08 r<6.24mm <2% <9%
0.08 r>6.24mm <10% <9%
4,8,12,16 r/x<0.10 <5% <9%
4,8,12,16 r/x>0.10 <10% <9%
Bubble 0.08,4 All <5% <9%
8,12,16 All <10% <16%
A total of 2,500 to 3,00*0 samples per point for liquid phase data were acquired. 
The sample sizes analyzed were considerably smaller after all the validation procedures. 
The error estimates given in Table 4-1 are based on the post-validation sample sizes. 
The total number o f  samples us*ed in this study were comparable to those used in Kumar 
et. al. (1989) and Sun & Faetlh (1986), however they did not apply any size related 
discrimination. In this study data were also rejected on the basis o f Chauvenet's 
criterion as suggested by Yanta. & Smith (1973). On the 95% confidence level, first the
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sample mean and standard deviation were calculated and all data outside +/- 2ct from 
the mean were rejected. Then, the sample mean and standard deviation were 
recalculated. The stringent discrimination/validation criteria imposed on the acquired 
samples naturally contribute to the reduction o f acceptable sample number sizes and 
render data collection time consuming. Typical sampling times per point ranged from 
15 minutes to 2.5 hours.
4.3 ESTIMATION OF VELOCITY MOMENTS FOR PHASES n  AND HI OF 
THE BUBBLY JET STUDY
For Phases II and HI o f  the bubbly je t study, the measured flow mean velocities 
and RMS velocity fluctuations for both liquid and bubble data were calculated 
according to the following mathematical definitions of the mean and variance:
c o
c7= j U * f ( U ) d U
—CO
7
c o  *
~ ^ =  \ ( u - u )  f ( U ) d U
— c o
Where f(U) is the probability density function for the velocity, which is 
derived from histograms o f velocity data.
As shown by McLaughlin and Tiederman (1973), LDV measurements o f liquid 
data are biased towards higher velocities due to the fact that at higher velocities, the rate 
at which seeding particles pass through the measuring volume is greater. In accordance 
with their findings, a one-dimensional bias correction was applied to the liquid data in 
an attempt to eliminate this bias.
50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.4 EXPERIMENTAL ERROR ESTIMATES FOR PHASES H AND HI OF THE 
BUBBLY JET STUDY
Reported error estimates for directly measured liquid and bubble velocity 
properties are a combination o f statistical error and systematic error. Statistical errors 
arise due to finite sample size and systematic error due to uncertainty in Phase-Doppler 
optical parameters and signal processor digital resolution. The 95% confidence level 
statistical error estimates were calculated according to the method suggested by Yanta 
and Smith (1973). Systematic error estimates were calculated according to standard 
error propagation practice. The total experimental error estimates reported were 
calculated according to:
Where sst is the statistical error estimate and e^s is the systematic error estimate. 
Error estimates reported for all quantities estimated from directly measured quantities 
were calculated according to standard error propagation practice with the above error 
estimates assigned to directly measured quantities. Systematic error estimates due to 
measuring volume positioning uncertainty have not been performed for this study. 
Positioning error should not greatly affect axial velocity quantities due to the fact that 
velocity gradients were small compared to the spatial resolution obtained with the PDA 
system. Positioning error could have a significant affect on radial and azimuthal 
velocities due to the small relative magnitudes of these quantities compared to axial
A total of 5,000 samples per point and 250-500 samples per point were acquired 
for single-phase liquid data and bubble data respectively. When liquid data was
velocities.
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acquired in the two-phase flow situation, an attempt was made to sample for a 
minimum time period corresponding to the passage of 50 bubbles. This was done to 
ensure sufficient sampling of the liquid flow field in the proximity o f bubbles. 
However, in some cases, the bubble passage frequency was very low such that the 
above sampling criterion would result in liquid data sample sizes ranging from 20,000 
to 100,000 samples. Sample sizes of this magnitude were very impractical from the 
standpoint o f data storage and manipulation, therefore an upper limit o f 10,000 samples 
per point was imposed. This sample size corresponded to sampling times that would 
indicate an average of 5-25 bubble passages per liquid data point for the cases in 
question. The sample sizes for all types o f data analyzed were smaller after all the 
validation procedures (typically 85-95% of original sample size). All error estimates 
have been based on the post-validation sample sizes. In this study data were also 
rejected on the basis o f Chauvenet’s criterion as suggested by Yanta & Smith (1973). 
On the 95% confidence level, first the sample mean and standard deviation were 
calculated and all data outside +/- 2 c  from the mean were rejected. Then, the sample 
mean and standard deviation were recalculated. Again accepted sample number sizes 
were reduced due to the stringent validation criterion leading to bubble data acquisition 
times comparable to those achieved in Phase I.
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CHAPTER 5 -  EXPERIMENTAL RESULTS FROM PHASE I OF 
BUBBLY JET STUDY
5.1 EXPERIMENTAL CONDITIONS
The measurements presented as part o f  the current study were carried out in 
order to examine effects o f average bubble size and size distribution on bubble phase 
properties in the two-phase jet. The experiments were conducted for a single value o f 
the superficial je t exit velocity o f  the liquid, Us[ , and at a fixed gas superficial 
velocity, USg , also evaluated at the je t exit. Three cases were examined and in each 
case different injector sizes and numbers were utilized in the attempt to vary the initial 
injection conditions as described in a previous section. Measurements were performed 
in the jet at downstream locations o f x/D=0.08, 4, 8,12, and 16.
5.2 LIQUID PHASE AND BUBBLE RESULTS
Single phase liquid flow measurements were carried out as a point of reference. 
Figure 5-1 contains a comparison o f the liquid mean velocity profiles obtained in this 
study at x/D=8, 12, and 16 with fully developed profiles from previous studies by 
Wygnanski & Fiedler (1969) and Goldschmidt et. al. (1971). The figure shows good 
agreement for x/D=12 and 16 indicating that the flow is probably frilly developed at 
these distances and the accuracy o f our measurements satisfactory. The profile at 
x/D=8 does not agree as well and is therefore evidence that the flow may still be 
developing at that location. This is not in disagreement with results obtained in 
previous experiments as the flow usually becomes fully developed after 8 diameters 
from the jet exit. The velocity profiles were obtained over the half-width o f the jet 
in order to reduce data acquisition time. At least two points were always taken on
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r/x
Figure 5-1. Mean Axial Velocity Radial Distribution for the Basic Single-Phase 
Liquid Flow: Comparison with Previous Studies.
both sides of the centerline o f the je t to verify the consistency o f the centerline location 
and the centerline velocity. A  symmetry verification is presented in Figure 5-2 where 
measurements were carried out over the width o f the entire jet at x/D=16 and indicates 
good radial symmetry at the furthest downstream location, thus indicating no 
interference from tank boundaries.
Centerline liquid and bubble velocities obtained in this study are presented in 
Figure 5-3 versus axial distance, x. The liquid centerline velocity profile is flat in the 
early stages of jet development as long as the potential core exists. As the jet becomes 
fully developed, the centerline velocity decays as x"^ according to theory. These 
trends are well portrayed by the liquid data in Figure 5-3. The trend of the bubble
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Figure 5-2. Mean Axial Velocity Radial Distribution for the Basic Single-Phase
Liquid Flow: Symmetry Verification.
centerline velocity profiles is quite different. The bubble centerline velocities decrease 
steadily from the exit o f  the jet to the far field. The decrease seems to be more 
rapid within the developing region o f the jet and becomes less steep in the fully 
developed region. There are no marked differences in the centerline velocities between 
the three cases examined, indicating that at least along the centerline the effect of 
bubble size distribution on the average velocity is weak. It should be noted that the 
difference between the bubble velocities and the corresponding single phase liquid 
velocities is not constant along the development o f the jet as might be expected if
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Figure 5-3. Centerline Average Velocities of Basic Single-Phase Liquid Flow and 
Average Bubble Velocities as Functions of Stream Wise Distance from the Jet Exit.
the carrier phase velocities were unaffected by the presence o f  the bubbles. The axial 
velocity of the bubbles relative to thait o f the liquid depends on the size and shape o f 
the bubbles as well as the concentration o f surfactants on the gas-liquid interface. 
Therefore the observed variations in the  difference between bubble and liquid velocities 
along the axis of the jet could be attributed to (a) significant variation o f the size 
distribution of the bubbles, (b) distortion o f their shape which will not only affect their 
relative velocity but also their lateral mobility, (c) accumulation o f surface active 
impurities (e.g. seeding particles), (d) the variation o f the local void fraction (bubble 
concentration), and (e) modification of" the mean liquid velocity. In the present study,
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liquid phase velocity data from the two-phase measurements are not yet available, 
however, the experiments o f  Kumar et. al. (1989), who measured liquid phase 
velocities, clearly show that in the central region of the jet, the modification o f the 
liquid mean velocity is virtually non-existent even at relatively high volume fractions 
(19%). Since the volume fraction presendy used is very low, it may not be expected 
that liquid phase average velocity modification o f the order necessary to explain the 
observed differences exists. However, the fact that bubble mean velocities less than the 
single phase liquid mean velocities were measured on the centerline at a location x/D=8 
indicates that, at least locally, liquid phase velocity must have been modified. The 
results at the x/D=8 location cannot be explained by any o f the other four reasons 
outlined previously, although each one o f  these reasons may contribute to modification 
o f  the relative bubble velocities. Since the bubble velocities were consistendy lower 
than those measured for the single phase liquid in all cases examined we are confident 
that the observation cannot be attributed to experimental error, furthermore the 
phenomenon seems to be fairly localized and it can be seen that the observed difference 
between the bubble and single phase liquid velocities consistendy decreases in the jet 
development region up to x/D=8 and increases thereafter. It is well known that the 
accumulation o f surface active impurities on the gas-liquid interface tends to stiffen it, 
thus causing increase o f drag and decrease o f terminal velocity. This has been well 
documented by Durst et. al. (1986). Consequentiy, part o f the initial decrease of the 
bubble-to-pure-liquid velocity difference could be realistically attributed to such a 
phenomenon which can only be o f importance over a limited range; the reason being 
that once the interface has been stiffened further drag modification due to this effect
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disappears (Durst et al. 1986). Thus, this mechanism is not expected to have an effect 
on the bubble velocities in the fully-developed region where indeed the differences 
between bubble and pure liquid velocities increase. Regarding the effect o f bubble 
concentration on the bubble velocity, it is known from Ishii and Zuber (1975) that the 
relative bubble velocity increases with decreasing void fraction which is directly related 
to bubble concentration. As the jet evolves it becomes more dilute since the flow area 
increases. Bubble rates decreased considerably with the stream wise coordinate 
throughout the jet, in the fully developed region (x/D>8). Therefore the increasingly 
dilute environment could be contributing to the increase o f the bubble velocities relative 
to those o f the pure liquid case in this region. It is well documented by Kumar et. al. 
(1989) and Sun and Faeth (1986) that in the fully developed region no modification of 
the liquid mean velocity occurs because of the presence of the bubbles even at higher 
void fractions. Therefore the above mentioned increase is not expected to be due to 
liquid-phase velocity modification.
A conclusion that can be drawn from the data o f Figure 5-3 and the observations 
stated above is that the presence of the bubbles and their momentum interaction with 
the liquid phase are more significant in the narrow region of transition from developing 
to fully developed liquid flow and that their presence may accelerate the disappearance 
of the potential core o f the jet, and accelerate the growth o f the axisymmetric shear 
layer. Evidence supporting the latter have been presented by Kumar et. al. (1989).
The stream wise turbulence intensity o f the single-phase liquid flow at the 
centerline, denoted by, u'c, is shown in Figure 5-4 as a function of the stream wise 
coordinate. The stream wise RMS bubble fluctuation at the centerline, u'bc for the three
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cases examined, is also shown in the same figure. The liquid turbulence intensity 
exhibits the familiar increasing trend in the development region and the subsequent 
decay in the fully developed one. The bubble RMS fluctuations were everywhere higher 
with the exception of the location x/D=8 where they were identical, in all cases 
examined, to the single-phase turbulence intensity. The measured values o f u'^c-were 
also markedly high upstream of this location (x/D=4). The magnitude o f u'bc can be 
influenced by the bubble size distribution and shape under the premise that bubble 
velocity is a function of its size and shape. Therefore a wide bubble size distribution is 
more likely to produce a wider variation of the axial bubble velocity sample. The 
variation o f the axial bubble velocity can also be influenced by the erratic lateral 
motion o f the bubble. The extent to which a bubble is likely to experience lateral 
motion is strongly tied to bubble shape, as well as the local carrier phase velocity 
gradient. The latter will produce a lateral lift force due to the non-zero bubble velocity 
relative to the surrounding liquid. Given that in the neighborhood o f the center o f the jet 
mean liquid velocity gradients are small, variations o f the axial bubble velocity due to 
lateral changes in the direction of the moving bubble will more likely be caused due to 
lack o f symmetry in shape and orientation with respect to the main direction o f motion. 
Finally, local liquid turbulent fluctuations and the motion of neighboring bubbles can 
also influence the variation o f the bubble velocity and through this the magnitude of 
u'bc. The effect of liquid fluctuations will be more pronounced provided that the 
associated length scales are larger than that o f the bubbles.
As a first step in attempting an explanation for the relative magnitude of the 
axial bubble velocity fluctuations we have examined some o f the size distributions
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Figure 5-4. Centerline Axial Turbulent Intensity of Basic Single-Phase Liquid 
Flow and Axial Bubble Velocity Fluctuation RMS as Functions of Stream Wise
Distance from the Jet Exit.
rendered by the phase-Doppler measurements. As stated in a previous section the
sizes of non-spherical scatterers reported by the phase-Doppler system can be
related to the localcurvature of the scattering surface (Durst and Zare, 1975; Tassin &
Nikitopoulos, 1994). Under this premise the recorded size also represents a directional
measurement to the extent that it depends on the orientation of a non-spherically
symmetric scatterer (e.g. an oblate spheroid) crossing the measuring volume defined by
the crossing laser beams. The data collected with the video imaging system indicate that
a variety o f bubble sizes exist, and that the shapes range from spherical, quasi spherical
to oblate spheroidal. Thus, wide size distributions are expected from the phase-Doppler
system. Figures 5-5(a-c) show the size distributions obtained with the phase-Doppler
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system at the centerline of the je t and at a location x/D=4 downstream o f the jet exit 
inside the developing region, for all the experimental cases. Examination of the video 
imaging data that were obtained simultaneously with the phase-Doppler measurements 
confirm the breadth of the phase-Doppler-measured distributions and also indicate the 
existence o f large-aspect-ratio oblate spheroidal bubbles that can have very small 
curvatures at the edges of their major axes. These highly non spherical bubbles were 
observed at a variety o f orientations relative to the main flow direction. The smallest 
bubbles observed in the flow images were o f the order of 100pm. The average sizes 
inferred from the phase-Doppler data at this location within the jet are 1244, 1315 and 
807 microns for cases I, II, and HI respectively. These average sizes are not exactly 
representative of the true average bubble sizes in the flow but can be considered as 
average curvature length scales. As mentioned previously the breadth of the 
distributions points to the existence o f a wide variety o f sizes, shapes and orientations 
relative to the flow direction for all cases, although the video images indicate that the 
bubbles in case m  were overall closer to a spherical shape. The size distributions 
corresponding to cases I and II are fairly similar although case II displays more counts 
on the higher end of the spectrum. This similarity can be used to explain the almost 
identical values of the bubble velocity fluctuation RMS for these two cases in Figure
5-4, while its high value is consistent with the breadth of the size distribution 
according to the argument presented previously. In case IE the bubble size distribution 
is more skewed towards the smaller sizes. This can account for the considerably lower 
bubble velocity fluctuation RMS in Figure 5-4.
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Figure 5-5. Bubble Size Histograms as Obtained by the Phase-Doppler Light-
Scattering System.
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The size distributions measured at the exit o f  the jet displayed a  dependence on 
radial location. Far downstream this dependence disappeared and the size distributions 
measured at different radial locations were, to the greatest extent identical. Under 
such conditions an area weighted average o f the measured distributions across the jet 
crossection is possible to obtain a size distribution representative o f the whole 
crossection. The so averaged bubble size distributions measured by the phase-Doppler 
system at x/D=16 is shown in Figures 5-6. These distributions are quite different than 
those obtained throughout x/D=4 in all cases (see for example Figure 5-5 for the jet 
center). The distributions are tighter at x/D=16 and all display peaks in the 
neighborhood o f 1000pm. The imaging data collected at the same location indicated 
that bubble shapes were more stable and bubbles were more uniformly oriented with 
respect to the main motion direction. Comparisons with the bubble shapes obtained in 
the developing region showed that the bubbles are considerably more distorted there 
and their orientation also varies widely. This may very well be due to the growth of the 
axisymmetric shear layer in the development region and accounts for the wider size 
distributions obtained at x/D=4 relative to those obtained at x/D=16. Although a few 
bubble "collisions" were observed, particularly in the developing region, very little 
evidence o f bubble coalescence or breakup was observed throughout the domain of the 
jet. Therefore change in the actual bubble size is not expected. Regarding the bubble 
velocity fluctuation, it is observed that at x/D=16 the measured values are fairly 
closely clustered (Figure 5-3). This is well correlated with the similarity o f the 
measured size distributions at that location (Figure 5-6).
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Figure 5-6. Area-Averaged Bubble Size Histograms as Obtained by the 
Phase-Doppler Light-Scattering System.
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Figure 5-7. Bubble Average Velocity (a) and RMS Fluctuation (b) at the Jet Exit.
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Figures 5-7(a-b) show plots o f bubble average and fluctuation RMS velocities at 
an axial distance o f x/D=0.08 (i.e. at the exit o f  the jet) for cases I and II. Single-phase 
liquid data are included as a reference and indicate a flat "top-hat" type mean velocity 
profile at the jet exit with a very thin boundary layer. The liquid axial turbulence 
profile displays a sharp peak in the shear layer with rapid decays toward the wall and 
core from the peak. The bubble mean and fluctuating velocity profiles exhibit the same 
general shape as those of the single-phase liquid, but there are notable differences 
between cases I and II. In this context the initial conditions at the jet exit are different 
between these two cases. The bubble mean velocities lead the single-phase liquid 
velocity by an apparent slip velocity o f approximately 0.30 m/s. The actual slip 
velocity in the two-phase situation is expected to be somewhat less as the local 
interstitial liquid velocity will be increased above the single-phase one due to the 
voidage introduced by the bubbles, as previous studies have indicated (Kumar et al., 
1989; Sun and Faeth, 1986). An interesting observation is the fact that the bubble 
velocities for case II, which had the larger more non-spherical bubbles, actually lagged 
the bubble mean velocities in case I. This can be attributed to bubble shape differences 
that affect the drag and lift forces on the bubbles. For example, an oblate spheroidal 
shape will increase form drag on the bubble and thus decrease its rise velocity.
Another point of interest was the distribution of the bubbles at the je t exit in the 
two cases. The data rate of bubbles in case II decreased rapidly past r=5 mm 
(roughly one average bubble radius from the rim o f the jet) to the point where less 
than 16 samples were received within one half hour. This indicates a coring 
phenomenon o f the larger, non-spherical bubbles. The measurements in case I,
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however, indicate bubble signals for the full width o f  the je t and even outside the 
boundary layer immediately after the je t exit. This indicates that smaller bubbles in 
case I were more evenly dispersed throughout the je t with some bubbles "escaping" the 
jet soon after the exit. Both these observations were supported by video data at the je t 
exit. The "injection" of bubbles in the radial direction observed during case I is a 
consequence o f the intense shear in the axisymmetric shear layer at the rim o f the jet. 
According to inviscid theory bubbles traveling faster than the surrounding fluid and 
exposed to a velocity gradient tend to move in the direction o f decreasing fluid velocity 
due to the action o f a lateral force. Thus, bubbles exposed to the shear layer at the rim 
o f the je t are shot outwards. This induced motion is also a vehicle for momentum 
transport by the bubbles to the slower fluid outside the shear layer and can lead to a 
subsequent faster spread of the jet. The RMS fluctuations o f the bubble velocity are 
seen to be considerably higher in the neighborhood o f the rim o f the jet. In case I, the 
RMS bubble velocity fluctuation increases towards the rim o f the jet, reaches a peak 
coinciding with the peak observed in the single-phase liquid fluctuations (neighborhood 
o f maximum shear) and drops o ff  outside. The length scale o f the region of increased 
bubble velocity fluctuation is o f the order of the average bubble size. In case II the 
bubble velocity fluctuation increases at approximately an average bubble radius from 
the rim o f the jet. In this case, a very small number of bubbles actually makes it to the 
intense shear region at this location. Therefore, no bubble velocity properties can be 
reported beyond this point.
Figures 5-8, 5-9 and 5-10 present average velocity profiles for all cases 
at x/D=4, 8 and 16 respectively. The bubble mean velocity profiles inside the
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Figure 5-8. B ubble Average V elocity (a) and RM S F luctuation (b) at x/Djet=4.
developing region (Figure 5-8a, 5-9c) show bubble velocities comparable to, or lagging 
(x/D=8) the single phase liquid velocities in the core region. As discussed earlier, this 
is some indication o f a  more quickly diminishing potential core and a faster spread of 
the jet in the two-phase cases. The bubble mean velocities did not vary appreciably 
(to within experimental error) in the cases examined, indicating, at least at these
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Figure 5-9. Bubble Average Velocity (a) and RMS Fluctuation (b) at x/Djet=8.
locations, little effect due to bubble size or size distribution. The bubble RMS velocity 
fluctuations (Figures 5-8b, 5-9d), show a substantial reduction from x/D=4 to x/D=8 for 
all cases examined. The differences between RMS values for the three cases were more 
pronounced at the x/D=4 location where bubble density was higher and bubble 
distortion more common. This is evidence that bubble RMS velocity fluctuations are
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affected by bubble size and distribution in the developing region. At the location x/D=8 
the RMS bubble velocity fluctuations appear to be o f the same magnitude as the 
velocity fluctuations in the corresponding single-phase case. The same is also true in the 
fully developed region away from the centerline of the jet. This may be an indication 
that the fluctuations o f  the bubble velocity are primarily driven by those of the liquid, 
the scale of the liquid motion having become larger relative to that o f the bubbles. 
Regarding the average and RMS bubble velocities obtained for the three cases 
examined, the differences observed are for most points well within the statistical 
uncertainty introduced by the small sample sizes (80 to 100) imposed by the diluteness 
o f the bubble dispersion at this location. Therefore it cannot be conclusively stated that 
the small differences in initial bubble size and size distribution have a notable effect 
this far downstream. Experiments with significantly different bubble sizes and/or less 
dilute dispersions will be necessary to make any definitive conclusions possible.
5.3 SUMMARY
A one-component Phase-Doppler Velocimetry system has been employed to measure 
bubble size and velocity in a dilute, bubbly jet under modestly different average bubble 
sizes with different initial shape and size distributions. This non-intrusive method was 
used to eliminate errors arising from bubble/probe interaction which are inherent in 
other intrusive measuring techniques (hot-film anemometry, resistivity probes, optical 
fiber probes etc). This preliminary study has investigated effects o f bubble size and size 
distribution on the average and RMS fluctuation velocities o f the bubbles in the 
developing and fully developed regions of the jet. The experiments discussed here have 
been run at a fixed Reynolds number and a single superficial gas velocity, using
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Figure 5-10: Bubble Average Velocity (a) and RMS Fluctuation (b) for the Three 
Cases Examined Inside the Fully Developed Region (x/D=16).
three different injection assemblies to vary the initial bubble sizes, distributions 
and initial conditions. The latter was set to a value lower than previous investigations 
and the resulting bubbly je t was dilute. The presented non-intrusive measurements 
show that, even in the dilute flow examined here, differences in initial bubble size and
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size distribution together with other initial conditions at the exit can influence the RMS 
velocity fluctuations o f  the bubbles. This is particularly true in the jet development 
region. The average bubble velocities are shown to be less sensitive. The differences 
observed in the bubble RMS velocities between the three cases examined are correlated 
to variations in the local size distributions measured by the phase-Doppler system. The 
measurements o f size distribution rendered by this system in the case of non-spherical 
bubbles is related to the local curvature of the scattering surface and the orientation of 
the bubble with respect to the optical measuring volume. Thus the measured 
distributions contain information o f size, shape and orientation. Evidence that the 
development pattern o f the je t near the exit is affected by the presence o f the bubbles is 
also presented. Near the exit o f the je t bubbles are shown to be ejected laterally outside 
the je t due to the lift force caused by the high velocity gradient in the axisymmetric 
shear layer. This occurrence was observed in two o f the three cases examined 
underlining the effect o f the initial conditions at the je t exit. The observed sensitivity of 
the bubble flow to size-related parameters and initial conditions in this dilute case, 
indicates that discrepancies in previous measurements o f  dispersed bubbly flows could 
be attributed to different size characteristics and/or initial conditions.
72
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 6  -  EXPERIMENTAL RESULTS FROM 
PHASE H OF THE BUBBLY JET STUDY
6.1 EXPERIMENTAL FLOW CONDITIONS
The measurements presented as part o f the current study were carried out in 
order to examine effects o f average bubble size, size distribution, initial conditions, and 
phase distribution on bubble and liquid phase properties in the two-phase jet. The 
experiments were conducted for three different values o f liquid jet Reynolds' number, 
Rejet , and at one gas flow rates, Qg. Two cases were examined for each set o f bulk 
flow conditions and in each case bubbles of different mean diameter and diameter 
distribution were generated. As a result, the initial conditions and phase distribution 
were also different in the two cases primarily due to differences in bubble lateral 
mobility. Measurements were performed in the je t along the centerline from x/Djet=0.08 
to x/Djet=20 and radially at downstream locations o f x/Djet=0.08, 4, and 8.
6.2 LIQUID AND BUBBLE RESULTS
Radial profiles o f bubble mean diameter at each downstream location are shown 
in Figs. 6-1 (a-c) for both cases. The vertical bars represent one bubble diameter 
standard deviation above and below the mean. Phase-Doppler and video-imaging 
measurements are shown with typical sample sizes o f  400-500 and 60-100 samples per 
measurement respectively. The PDA measurements were local measurements and have 
been reported as such. The video-imaging measurements can be thought o f as 
representing a cross-sectional average at each downstream location and have been 
reported as a constant value across the width of the je t for comparison. It is clear from 
the mean diameter measurements as well as the reported bubble diameter standard 
deviations that the mean bubble size and size distribution were widely different in the
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Figure 6-1. Bubble Mean Diameter Profiles at 
a) x/DjCt=0.08, b) x/Djet=4, and c)x/Djet=8
two cases examined here. Video-imaging data indicated that the bubbles in the cases
examined were spherical to quasi-spherical in shape. As a result, good agreement (to
within experimental error) was obtained between the video-imaging and PDA diameter
measurements. The PDA measurements indicate uniform bubble diameter across the jet
at all downstream locations except for the edge o f the jet near the exit. Variations in
bubble diameter measurement at this location can be attributed to bubble deformation
due to high velocity gradients in the shear layer and bubble-bubble interactions due to
the relatively high bubble concentration observed. The video imaging data observations
confirmed the existence o f  bubble deformation in this area, particularly for the larger
bubbles in Case 212 for which the PDA measurements indicate the largest diameter
variation. The reported mean bubble diameters for Case 212 at the exit of the je t were
somewhat lower than the values reported at x/Djet=4 and 8. This could be attributed to
bubble deformation and/or downstream coalescence. The latter is unlikely considering
the dilute flows examined here and the fact that the video-imaging data did not contain
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evidence o f bubble coalescence within the jet. The uniformity o f the measured bubble 
diameters within the flow field indicate no size segregation as reported in bubbly pipe 
flows (Liu, 1989; Wang et. al., 1987). For the remainder of the cases studied, bubble 
diameter measurements were made at the centerline at downstream locations o f x/Djer^ 
and 8. Due to the above evidence which indicates little or no variation in bubble size 
characteristics within the jet for such dilute flows, these measurements were deemed 
sufficient to characterize bubble size for the cases presented here. Bubble diameter 
histograms for the small and large bubble cases at the lowest volume fraction ((3=0.32%) 
are shown in Figs. 6-2(a-b). These data indicate that the bubbles generated in these 
two cases were o f markedly different mean diameter and diameter distribution as were 
the small and large bubbles generated in all cases.
Local bubble passage frequency data obtained by the PDA measurements have 
been used as indicators o f the phase distribution within the jet. Figures 6-3 (a-c) contain 
centerline profiles o f bubble passage frequency data, denoted as fbac, for the cases at low
12  -
CASE 311 
Db=467 (im
crDb=98 pm 
Nb=914
CASE 312 
Db=1100 pm 
ff0b=321 tun 
Nb=725
500 1000 1500 2000 0
Db (gm)
b)
500 1000 1500 2000
Db (pm)
Figure 6-2. Bubble Diameter Histograms for the Small and Large Bubbles 
at the Lowest Gas Volume Fraction (a-b).
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gas flow rate (Qg=30cc/m). The data display strong evidence that the phase distribution 
within the jet was evolving throughout the developing region for all cases. The general 
trend depicted by the measurements was that the bubble concentration was initially low 
at the centerline and bubbles subsequently migrated towards the centerline until a peak 
value was reached, particularly for the two higher jet Reynolds’ numbers. This effect 
was more pronounced for the larger bubbles in each case, indicating higher initial 
concentration near the fringes o f the jet. This trend is also indicative o f higher lateral 
mobility of the larger bubbles in the axisymmetric shear layer, which arises due to the 
highly unsteady drag and lift forces in this region. This is evidence that bubbles initially 
migrate towards the centerline in the near field of the jet, which could be due to strong 
bubble interactions with liquid phase large scale structures in this region. The reason 
for the reduced effect at the lowest jet Reynolds’ number could be due to decreased 
liquid phase momentum relative to bubble buoyancy as indicated by the low Froude 
numbers reported for this case.
Centerline profiles o f liquid phase axial velocity and turbulence intensity1' are 
shown in Figs. 6-3(d-f) and Figs. 6-3(g-i) respectively for three different jet Reynolds’ 
numbers at the lowest gas flow rate. Data at the lowest and highest je t Reynolds’ 
numbers indicate significant increases in turbulence intensity and decreases in mean 
velocity in the region where the bubble concentration is highest. This is evidence that 
the presence o f the bubbles accelerates the degradation o f the potential core. The 
increase in turbulence intensity in regions of higher void fraction is also consistent with 
the findings of Lance and Bataille (1991). This effect was much less pronounced at the 
intermediate jet Reynolds’ number although similar trends were portrayed. The
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amplification of the liquid phase flow field modification at low and high jet Reynolds’ 
numbers may be due to the buoyancy effect and increased modification due to the 
entrainment o f bubbles respectively. Entrainment o f small bubbles by liquid phase large 
scale structures has been shown to increase as the energy o f large scale structures 
increases (Reutsch and Meiburg, 1993 and Sridhar and Katz, 1995b). Sridhar and Katz 
(1996) have also shown that entrained bubbles can cause macroscopic deformations to 
vortex rings. In the far field o f  the jet at the lowest jet Reynolds’ number, liquid phase 
mean velocities were enhanced and turbulence intensity was attenuated. This can be 
attributed to buoyancy effects as the Froude number approached unity in this region for 
these flow conditions.
Centerline bubble average rise velocities, denoted as Ubrc> are depicted in Figs.
6-3(j-l). Bubble relative velocities were initially positive at the jet exit and decayed 
steadily within the developing region until a minimum (typically negative) was reached 
near x/Djet=5, which coincided with the location of peak bubble concentration. It was 
apparent that bubbles were being swept into the core region from areas of lower 
momentum and had not yet accelerated relative to the liquid. Again this was evidence 
that liquid phase large scale structures may have a strong influence on bubble motion in 
this region. This effect was more pronounced for the larger bubbles and at higher liquid 
flow rates, which could explain the enhanced modification o f the liquid phase flow field 
at higher jet Reynolds’ number discussed earlier. Downstream o f this location bubble 
rise velocities increased steadily and approached values near those observed at the jet 
exit.
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Figures 6-3(m-o) contain centerline profiles o f bubble RMS velocity fluctuation 
intensity, denoted as UbC’/Ubc- Bubble velocity fluctuation intensity in the developing 
region appears to be correlated with liquid phase turbulence intensity, with high levels 
occurring where liquid phase turbulence intensity was enhanced. Larger bubbles had 
considerably higher fluctuation levels at these locations, which could be attributed to 
broader size distributions, relative increase in bubble concentration and increased lateral 
mobility as indicated by the bubble frequency profiles.
Table 6-1 contains estimates o f jet half width, R 1/2 , and shear layer momentum 
thickness, 0, derived from radial liquid velocity profiles in the developing region o f the 
jet. Radial profiles o f liquid velocity in the two-phase cases did not contain a sufficient 
number o f data points in the shear layer to make an accurate estimate o f  these quantities 
due to extremely high bubble concentrations in this area, which made phase 
discrimination difficult. The points that were obtained did not depart significantly from 
the single phase liquid profile, therefore it was assumed little modification o f these 
quantities existed. Downstream at x/Djet=4 and 8, there was evidence that the presence 
of the bubbles accelerated the growth of the shear layer, with two-phase shear layer 
momentum thickness larger by as much as 10% than the single phase one.
Radial profiles of bubble passage frequency are shown in Figs. 6-4(a-b) at 
downstream locations of x/Djet=4 and 8 for Cases 211 and 212. The radial coordinate 
has been scaled by 0 with R 1/2 as a reference. At x/Djet=4 bubble passage frequency data 
indicate that the peak bubble concentration in Case 211 was slightly inside the jet half 
width. In Case 212, the peak was closer to the jet half width and was much more 
pronounced, indicating that the bubbles in this case were slower to migrate towards the
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Table 6-1. Estimates of Jet Half Width and Shear Layer Momentum 
Thickness in the Developing Region for Cases 211 and 212
x/D=0.08 x/D=4 x/D=8
Ri/^mm) 0(mml Rw(mm) 0(mm) R1„(mm') 0fmm)
Single 5.967 0.120 6.342 2.277 8.032 7.622
Case 211 — — 6.305 2.592 9.779 8.440
Case 212 — — 6.627 2.416 8.873 8.434
center. The data at x/Djet-8 indicated that the phase distribution was approaching a 
stable value for both cases. There is evidence that bubbles migrated radially in both 
directions relative to the peak at x/Djet=4 for both cases. The Case 211 data displayed a 
peak near the center with bubble passage frequency decreasing radially outward as the 
jet spread and entrained more liquid. The centerline frequency for this case was lower 
than the corresponding value at x/Djet=4, indicating that a maximum centerline 
concentration had occurred upstream o f this location and the bubbles were spreading
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radially outward. The data o f  Case 212 also displayed a  peak near the centerline, but the 
magnitude was greater than at the corresponding location at x/Djet=4- This can be seen 
as evidence that the peak centerline bubble concentration may not have been reached 
and the phase distribution was evolving slower than in Case 211.
Figures 6-4(a-b) also show radial profiles o f liquid phase velocity, U, scaled by 
centerline liquid velocity, Uc, at downstream locations o f  x/Djet=4 and 8 for Cases 211 
and 212. Although significant modification of je t half width and shear layer momentum 
thickness were observed, when scaled in this manner the shapes o f the profiles are 
maintained. Radial profiles o f  liquid phase turbulence intensity, u’/U, are shown in 
Figs. 6-4(c-d) for the same cases. These data indicate modest increases in turbulence 
intensity in the region where the bubble concentration was highest. Modification was 
more pronounced for the smaller bubbles o f Case 211 which had a much higher bubble 
concentration in this region.
Radial profiles o f bubble rise velocities relative to the liquid, Ubr, scaled by 
theoretical rise velocities based on steady state motion in a quiescent liquid, Ubrss, are 
presented in Figs. 6-5(a-b) at downstream locations o f  x/Djet=4 and 8 for Cases 211 and 
212. Theoretical bubble rise velocities and/or drag coefficients were estimated 
according to Clift et. al. (1978) for contaminated water. It should be noted that the 
difference between the bubble velocities and the corresponding liquid phase mean 
velocities was not constant along the development o f the jet as discussed earlier. The 
velocity o f the bubbles relative to the liquid in both cases was near zero or negative at 
x/Djet=4 and 8 with the negative velocities being more pronounced in Case 212. Rise 
velocities of the smaller bubbles were uniformly higher than those o f  the larger bubbles
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and actually exceeded theoretical terminal velocities in the outer region o f the jet. It is
apparent that bubble rise velocities differ substantially from those predicted by steady-
or quasi-steady state correlations for both cases. This phenomenon also appears to be
confined to a region near the potential core o f the jet, which coincides with the region
where liquid phase mean flow modification was observed. Apparent negative bubble
rise velocities within the developing region have also been reported by Sun (1985). In
the current study, one possible physical explanation o f these observations could be
based on the observed phase distribution, bubble migration within the developing region
and the highly dynamic process o f bubble motion and deformation. As discussed earlier
for both cases examined here, but particularly in Case 212 where the apparent negative
rise velocities were more pronounced, the bubble concentration near the center of the jet
was initially low and subsequently increased downstream o f  the je t exit. One physical
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mechanism, which could be related to this lateral bubble migration, is bubble interaction 
with large scale structures which have attained scales comparable or larger than those of 
the bubbles- It is possible that bubbles being injected into the higher velocity core 
region o f the jet from the large scale structures have not accelerated to their “terminal” 
relative velocities with respect to the higher velocity core, resulting in bubble mean 
velocities less than the corresponding liquid mean velocities. Additional 
experimentation and analysis are necessary to identify and understand the physical 
mechanisms responsible for this phenomenon.
Figures 6-5(c-d) depict radial profiles of axial RMS velocity fluctuations of the 
bubbles, Ub’, scaled by bubble centerline velocity, UbC, for the same cases. The axial 
RMS fluctuation data at x/Djet=4 indicated no appreciable difference between the two 
cases at the centerline, but within the region where the bubble concentration was highest 
the fluctuation levels o f Case 211 were considerably higher than those of Case 212. 
This observation appears to be counterintuitive considering the bubble size distribution 
o f Case 211 was much less broad than that of Case 212; which would indicate lower 
RMS velocity fluctuations due to bubble size distribution. One possible explanation 
could be that the bubble concentration in this region was an order o f magnitude higher 
in Case 211 than in Case 212, therefore the potential for bubble-bubble interactions was 
greater. As argued by Ishii and Zuber (1979), bubble rise velocity is affected by local 
void fraction (bubble concentration) and through it the RMS velocity fluctuations are 
also affected. Another possible explanation could be higher liquid phase RMS velocity 
fluctuations in Case 211 than in Case 212. The bubbles o f  Case 211 were much smaller 
than those o f Case 212 and therefore, much more likely to be affected by liquid phase
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velocity fluctuations. Evidence of the same behavior was displayed at x/Djet=8 
although the differences were much less pronounced.
6.3 SUMMARY
The presented non-intrusive measurements show that, even in the dilute flow 
examined here, differences in initial bubble size and size distribution together with the 
resulting initial conditions at the jet exit and phase distribution within the flow field can 
influence the RMS velocity fluctuations of the bubbles. The differences observed in the 
bubble RMS velocities between the two cases examined are correlated to variations in 
the local size distributions measured by the Phase-Doppler system. It has also been 
shown that modification o f liquid phase mean velocity and turbulence intensity vary 
significantly with jet Reynolds’ number at a fixed gas flow rate. Evidence that the 
growth rate o f the axisymmetric shear layer and subsequent degradation o f the potential 
core are accelerated by the presence of bubbles is presented. The magnitude o f these 
effects is correlated to local bubble concentration and bubble size characteristics. 
Bubble frequency profiles indicate that bubble migration both radially inwards and 
outwards occurs in the developing region and as a result the bubble concentration along 
the centerline varies significantly. Bubble relative velocities are shown to deviate 
considerably from those predicted by steady- or quasisteady- state correlations. The 
observed sensitivity o f the two-phase flow to size-related parameters, initial conditions, 
and phase distribution in this dilute case, indicates that discrepancies in previous 
measurements o f dispersed bubbly flows could be attributed to differences in these 
parameters.
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CHAPTER 7 -  EXPERIMENTAL RESULTS FROM 
PHASE EH OF THE BUBBLY JET STUDY
7.1 EXPERIMENTAL FLOW CONDITIONS
The measurements presented in this phase of the study were conducted in order 
to examine effects o f average bubble size, size distribution, initial conditions, and phase 
distribution on bubble and liquid phase properties in the two-phase jet. The experiments 
were conducted for three different values o f liquid jet Reynolds’ number, Rejet , and at 
one gas flow rate, Qg. Two cases were examined for each set o f bulk flow conditions 
and in each case bubbles o f different mean diameter and diameter distribution were 
generated. As a result, the initial conditions and phase distribution were also different in 
the two cases primarily due to differences in bubble lateral mobility. Measurements 
were performed in the je t along the centerline from x/Djet=0.08 to x/Djet=20 and radially 
at downstream locations o f x/Djet=0.08,4, 8 and 16.
7.2 BUBBLE RESULTS
Radial profiles o f bubble mean diameter obtained via Phase-Doppler 
measurements at each downstream location are shown in Figs. 7-l(a-I) for all cases. 
The vertical bars represent one bubble diameter standard deviation above and below the 
mean. Typical sample sizes were 200-450 samples per measurement. The data 
indicated widely different bubble size characteristics for the two cases examined at each 
set of bulk flow conditions. Video imaging data indicated that the bubbles in all cases 
were spherical to quasi-spherical in shape, with the exception o f the large 
bubbles in the shear layer near the je t exit. These observations were supported 
by the radial profiles shown in Figure 7-l(a-l). The profiles depict nearly constant 
bubble diameter throughout the field o f the jet with the exception o f the large bubbles at
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the je t exit. Complete bubble diameter profiles can be found in Figure A-l in the 
appendix. A slight variation in the small bubble diameter was also present but much 
less pronounced. These variations in bubble size measurements by the Phase-Doppler 
system indicated distortion of the bubbles in the shear layer. As discussed in a previous 
chapter, the PDA size measurement was representative o f a local radius of curvature on 
the bubble surface. Distorted or elongated bubbles contained areas of high curvature 
which were erroneously reported as smaller bubble diameters. It was apparent that both 
large and small bubbles were significantly distorted at the highest Reynolds’ number 
due to the high shear rate present. At the intermediate Reynolds’ number, the larger 
bubbles were distorted considerably more than their smaller counterparts. Finally, at the 
lowest Reynolds’ number, some distortion was present for both bubble sizes but it was 
much less pronounced than at the higher Reynolds’ numbers. These effects can be 
quantified through the introduction of a dimensionless parameter, referred to herein as 
the “bubble distortion parameter”, which represents the ratio o f shear stress to that of 
surface tension:
CJ
where:
rb = bubble radius 
G = shear rate (AU/5)
8 = shear layer thickness 
p. = dyamic viscosity o f water 
<t = surface tension
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Figure 7-2. Values o f  Bubble Distortion Parameter 
in the Axisyanmetric Shear Layer.
Figure 7-2 contains a plot of the buibble distortion parameter for all cases versus
downstream coordinate, x/Djet. The tw o horizontal lines represent estimates o f critical
values of the bubble distortion parameter above which severe distortion and break-up
were observed and below which little or no distortion were observed. The region
between the two critical values corresponds to video data where distortion without
break-up was observed. The values o f  bubble distortion parameter for each individual
case fell within regions that were consistent with the observations o f video data. Due to
the existence o f bubble distortion near the jet exit, particularly for the large bubbles, it
was necessary to compare the size distributions rendered by the PDA system to those
obtained via video imaging. Figures 7-3 (a-1) depict bubble diameter histograms
obtained at 4 diameters downstream b y  the PDA system as compared to video imaging
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System, (a-c, g-i) and the Video Imaging System, (d-f, j-1).
89
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
data at the same location for all cases. It was apparent that the size distributions for the 
two bubble sizes at each set o f bulk flow conditions were significantly different in mean 
value and breadth. For the large bubble cases, the distributions obtained by the PDA 
system exhibited small bubble diameter measurements which do not appear in the video 
imaging data. This again was due measurements of small radii o f curvature on distorted 
bubbles as discussed earlier.
Bubble passage frequency as measured by the PDA system was used as an 
indicator o f phase distribution in this study. Figures 7-4(a-l) contain radial profiles o f 
bubble passage frequency for all cases at downstream locations o f x/Djet=0.08, 4, 8 and 
16. It should be noted that these data were obtained with a two-component PDA 
system, which required that bubble signals be validated on both U and V channels in 
order to be accepted. This resulted in a measured passage frequency, which was 
proportional to, but less than the actual bubble passage frequency. This was in contrast 
to the bubble passage frequencies measured in Phase II of this study which were 
obtained via a one-component PDA system and as such should be more accurate 
representations o f the actual bubble passage frequency. The measured values from the 
two-component system should representative of the relative phase distribution within 
the jet and between the two bubble sizes and were used as such. Figures 7-4(j-l) contain 
radial profiles o f bubble passage frequency measured at the jet exit for the three 
Reynolds’ numbers. All profiles exhibited relative peaks near the edge o f the jet with 
the relative peak increasing with Reynolds’ number. This was consistent with data 
obtained in pipe flows (Liu, 1989) as the liquid flow rate was increased at a fixed gas 
flow rate. The wall peak for the small bubbles was higher relative to the centerline than
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the corresponding peak for the larger bubbles at the lowest Reynolds’ number. These 
values were roughly the same at the intermediate Reynolds’ number while the trend was 
reversed at the highest Reynolds’ number. The lower relative peak for the larger 
bubbles at the lowest Reynolds’ number could be explained by the higher lateral 
mobility o f the larger bubbles due to deformation in the shear layer and reduced inertia 
at lower liquid flow rate which prohibits trapping the larger bubbles near the wall. The 
smaller bubbles, on the other hand, were more spherical, had less lateral mobility, and 
were more easily trapped in the shear layer. As a result, small bubbles that were 
initially near the wall remained trapped there while large bubbles had the ability to 
escape. The trend reversal at the highest Reynolds’ number can be explained by the 
same mechanisms. Here, the inertial forces were high enough to trap the larger bubbles 
in the shear layer. The small bubbles in the core had less lateral mobility, thus they 
remained in the core and did not get trapped in the shear layer. The larger bubbles 
initially in the core had high lateral mobility, moved near the wall, and become trapped 
in the shear layer. Thus the increased relative peak near the wall for the larger bubbles. 
Profiles o f bubble passage frequency at four diameters downstream are shown in 
Figures 7-4(g-i). At the lowest Reynolds’ number, the larger bubbles exhibited a peak 
near the centerline while the smaller bubble peak was near one jet radius. This was 
reminiscent of the frequency profiles at the je t exit for these two cases. The larger 
bubbles exhibited a lower relative peak near the wall and apparently had migrated in 
both directions due to high lateral mobility creating a peak near the centerline. The 
smaller bubbles, initially having a very high peak near the wall and having limited 
lateral mobility, were slower to migrate radially and still exhibited a peak near one jet
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radius. The limited lateral mobility here indicates that the liquid phase large 
scaleprofiles at Rejet= l2,000 and 18,000 exhibited markedly different behavior. The 
small bubbles exhibited a strong peak at the centerline for both Rejet with a  much 
stronger peak at the highest value of Rejet. For the large bubbles, a  peak was located 
near one jet radius in both cases. This was evidence that the larger bubbles were slower 
to migrate towards the center, which was consistent with the behavior seen at lower 
volume fraction in Phase II. One explanation for the slower migration of the larger 
bubbles towards the centerline could be as follows. Near the jet exit, the larger bubbles 
were large compared to the shear layer width and as a result were not entrained by the 
liquid phase large scale structure until further downstream. The small bubbles, 
conversely, were smaller relative to the shear layer width and were entrained much 
more readily and subsequently deposited into the potential core. This again was 
consistent with the behavior seen at lower volume fraction in Phase II. The fact that the 
small bubbles at higher Rejet initially exhibited a much higher peak near the edge o f  the 
jet, indicated that the influence of the large scale structure was much stronger than at 
lower Rejet. The profiles at x/Djet=8 indicated that all cases exhibited a peak at the 
centerline. This was evidence that, as the shear layer grew, the larger bubbles at the two 
highest Reynolds’ numbers were entrained by vortices and subsequently deposited in 
the core. The peaks exhibited by the smaller bubbles in all cases were lower than their 
corresponding values at x/Djet=4. This was evidence that a peak concentration was 
reached and the bubbles began to spread radially outward with the jet. The data at the 
farthest downstream location o f sixteen diameters indicated reduced relative peaks at 
the centerline but the bubbles had not spread appreciably wider than at 8 diameters (no
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for All Cases in the Developing Region of the Jet.
more than one jet radius). This could be explained by the fact that in the far field o f the
jet, inertial effects decrease and the spread rate o f the je t ceases to influence the motion
of the bubbles. At this point the bubbles ceased to spread and rose vertically through
the remainder o f the flow field. This effect was verified via video imaging.
In an effort to quantify the bubble/vortex interaction described previously, a
comparison o f bubble diameter to vortex strength was drawn similar to that of
Sridhar and Katz (1996). The vortex strength, T, was estimated as:
T=AU*S
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Four points are plotted for each case in Figure 7-5. As the vortex strength increased 
with axial distance in the developing region o f the jet, the points from left to right 
correspond to axial locations o f x/Djet=0.08, 2, 4 and 8 respectively. The indicated 
regions of the plot correspond to phenomena observed via high speed video imaging. 
As inferred by the bubble passage frequency data, vortices affected motion at the lowest 
Reynolds’ number but entrainment was not observed. No entrainment was observed for 
any case at the je t exit due to the large bubble size relative to shear layer width and the 
weak vortex strength at this location. Bubble entrainment by vortices was not observed 
at x/Djet=2 except for the small bubbles at the two highest Rejet. This explains why the 
bubbles in these cases, after initially having strong peak concentrations in the shear 
layer at the jet exit, exhibited centerline peaks at x/Djet-4 . At x/Djet=4 and 8, significant 
entrainment of both large and small bubbles was observed at the two highest Rejet. This 
again was consistent with the bubble passage frequency data at these locations. It 
should be noted that small bubbles were entrained in clusters whereas large bubbles 
were generally entrained one at a time. This could have a significant effect with respect 
to modification o f the liquid phase large scale structures as indicated by Sridhar and 
Katz (1996) but liquid phase flow visualization is required to obtain this information. 
High speed video sequences depicting the phenomena described above are shown in 
Figures 7-6 and 7-7.
Figure 7-8 contains a plot of Froude number based on bubble diameter and axial 
centerline velocity versus axial distance. It is evident that the Froude numbers for both 
bubble sizes at the lowest Rejet were small compared to those at higher RejCt. This was 
consistent with the lack of inertial effects indicated by the phase distribution data for
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Figure 7-6. Video Sequence of Bubbles Entrained in a Vortex.
Figure 7-7. Video Sequence of Bubble Distortion and Break-up.
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these cases. It could also be an indicator that bouyancy effects could be significant for 
these cases, especially in the far field o f  the jet. Higher Froude numbers for Cases 321 
and 322 in the developing region were also consistent with the significant inertial 
effects indicated by the phase distribution data. Radial profiles o f bubble rise velocity 
are shown in Figures 7-9(a-f) for all cases at x/Djet=4 and 8. Bubble rise velocities 
at the lowest je t Reynolds’ number exhibited a small decrease near the core o f the jet 
at x/Djet=4 which indicated some convection of low momentum bubbles into the core. 
This effect is much less pronounced than at the other values of Rejet- The rise velocities 
at eight diameters for the small and large bubbles at this Reynolds’ number were 
relatively constant across the jet width and comparable in magnitude to steady-state rise
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velocities for bubbles of that size. This again indicated minimal influence from liquid 
phase large scale structures on the bubble motion as was indicated by the phase 
distribution and bubble/vortex interaction data. Bubble rise velocities for the two 
highest Rejet indicated significant negative rise velocities near the core region at 
x/Djet=4. These data were indicative o f low momentum bubbles being convected into 
the potential core by liquid phase large scale structures. The negative velocities were 
more pronounced for the higher Reynolds’ number, which was consistent with the 
increased inertial effects expected here. The bubble phase distribution data and 
bubble/vortex interaction data also predicted strong bubble/vortex interactions for these 
cases. Further downstream the bubble rise velocities were positive and were 
approaching steady-state rise velocities. Positive bubble rise velocities indicated that 
the bubbles reached a maximum concentration and accelerated relative to the potential
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core, which was consistent with the phase distribution data reported at this location. 
Little or no difference between the bubble sizes is indicated.
Radial profiles o f bubble velocity properties, Ub, Vb, Ub\ and Vb’ are contained 
in Figiure 7-10(a-f) for Rejet=6,000 at downstream location o f x/Djet=0.08, 4, and 8. 
The axial mean velocity profiles indicate little variation with respect to bubble diameter. 
Negative bubble radial velocities were reported at the jet exit for the larger bubbles 
indicating strong lateral mobility relative to the small bubbles. This explained the rapid 
increase in bubble concentration along the centerline relative to the small bubbles at 
x/Djet=4- Due to the lower Froude numbers seen for this case as well as lack o f  vortex 
strength it is suggested that the strong lateral mobility seen here is primarily due to the 
natural mobility o f the bubble and not inertial effects. Axial and radial RMS velocity 
fluctuation levels were comparable in magnitude and remain relatively constant across 
the jet width. Large bubble velocity fluctuations were consistently higher than those for 
small bubbles. This was expected as bubble velocity is a strong function o f  bubble 
shape and size. The larger bubbles were more easily deformed and the reported size 
distributions were much broader for the large bubble case. This resulted in an increase 
in RMS velocity fluctuations. The same properties are reported for the bubbles at 
Rejet=12,000 and 18,000 in Figures 7 -ll(a-f) and 7-12(a-f). The general trends are 
similar to those at Rejet=6,000 with the exception o f the radial mean velocity. At 
x/Djet=0.08 and 4 strong negative velocities are reported for the large bubbles. These 
velocities are more pronounced for the higher Reynolds’ number. Similar to those at 
the lower Rejet, the negative velocities at the je t exit are attributed to bubble lateral 
mobility resulting from deformation. The values at x/Djet=4, however, are indicative of
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large scale structure influence on the bubble motion as suggested by the phase 
distribution and bubble/vortex interaction data. The smaller bubbles did not exhibit 
significant negative velocities at either location. At the je t exit, the smaller bubbles 
were less likely to be deformed, therefore their lateral mobility was limited. Also, the 
small bubbles were large compared to the shear layer thickness at this location so 
entrainment in vortices was unlikely. At 4 diameters downstream, the phase 
distribution data indicated peak concentrations at the centerline for the small bubbles at 
these values o f Rejet- As a result, the bubbles had already begun to spread out radially 
with the jet. Complete radial profiles o f  bubble velocity for all axial locations are 
contained in Figures A-2 through A-4 in the appendix.
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7 3  MECHANISMS FOR LIQUID VELOCITY PROPERTY MODIFICATION 
7.3.1 Bubble/Turbulence Interaction
The most widely accepted hypothesis with respect to turbulence modification 
due to the presence o f bubbles/particles is based on the relative size of bubbles to 
turbulent length scales. The concept states that if  the bubbles/particles are comparable 
in size to the integral length scale of the flow, the mean flow will expend energy in the 
form o f drag. As a result, the bubble/particle wake will transfer this energy to the lower 
wave number end o f the turbulent kinetic energy spectrum, increasing turbulence 
intensity. If  the bubble/particles are comparable in size to the smaller (Kolmogorov) 
scales, turbulent eddies will expend energy in the form o f  drag and the energy will be 
transferred through the bubble wake to higher wave numbers or more dissipative scales, 
thus decreasing turbulence intensity. It has been argued (Lance and Bataille, 1991) that 
the magnitude o f these effects is proportional to the local void fraction. This 
mechanism is expected to enhance turbulence intensity in the near field of the jet, where 
bubble size is comparable to or greater than the integral scale o f the flow. In turn, it is 
expected to attenuate turbulence in the far field of the jet where bubbles are 
considerably smaller than the integral length scales o f the flow.
7.3.2 Bubble/Vortex Interaction
It is widely accepted that small bubbles become entrained in liquid phase 
vortices under certain conditions (Reutsch and Mieburg, 1994; Hunt et. al., 1994; 
Taiebi-Rhani, 1994; and Sridhar and Katz, 1996). Figure 7-13 illustrates the 
mechanism for bubble entrainment. Consider a liquid phase vortex approximated as a 
portion of fluid undergoing rigid body rotation at the rate o f co. The centrifugal force,
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Figure 7-13. Illustration o f Bubble Entrainment Mechanism.
Fc, experienced by a bubble in this flow field will act to push the bubble to the center. 
This is due to the bubble being less dense than the surrounding fluid. A particle more 
dense than the fluid, conversely, will be forced outward via the same mechanism. 
Experimental data has already shown that this mechanism exists in the shear layer 
over a wide range o f flow parameters (Figure 7-5). Past studies have indicated 
that entrainment o f small bubbles by liquid phase vortices can cause macroscopic 
deformation o f the vortex (Sridhar and Katz, 1996) while bubbles comparable to shear 
layer size can enhance vortex pairing thus transferring energy to the larger scales o f the 
flow (Taiebi-Rhani, 1994). As a result, it is possible that this mechanism could produce 
competing effects under certain conditions in our experiments.
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7 3 3  Inverse Energy Cascade
Esmaeeli and Trygvasson (1996) identified a mechanism termed the “inverse 
energy cascade” from simulations o f  a  swarm o f  bubbles in quiescent flow. The swarm 
o f  bubbles produces a plume effect which in turn gives rise to large scale fluid motion. 
The result is a mechanism by which energy is channeled towards larger scales o f  motion 
in the liquid phase, thus increasing turbulence kinetic energy. It is expected that this 
mechanism was present in the far field o f the jet, particularly at the lowest Reynolds’ 
number where inertial effects were diminished.
7.4 LIQUID PHASE RESULTS
Figures 7-14(a-c) contain centerline profiles o f bubble passage frequency data, 
denoted as ft,. The data displayed strong evidence that the phase distribution within the 
je t was evolving throughout the developing region for all cases. The general trend 
depicted by the measurements was that the bubble concentration was initially low at the 
centerline and bubbles subsequently migrated towards the centerline until a peak value 
was reached, particularly for the two higher jet Reynolds’ numbers. This again was 
evidence that bubbles initially migrated towards the centerline in the near field of the 
jet, which could be due to strong bubble interactions with liquid phase large scale 
structures in this region. The reason for the reduced effect at the lowest je t Reynolds’ 
number could be due to decreased liquid phase momentum relative to bubble 
buoyancy as indicated by the low Froude numbers reported for this case. Centerline 
profiles o f liquid phase axial velocity and turbulence intensity are shown in 
Figures 7-14(d-f) and Figures 7-14(g-i) respectively for three different jet Reynolds’ 
numbers at Qg=90 cc/m. Data at the lowest and highest je t Reynolds’ numbers indicated
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significant increases in turbulence intensity and decreases in mean velocity in the region 
where the bubble concentration was highest. This was evidence that the presence o f the 
bubbles accelerated the degradation of the potential core. The increase in turbulence 
intensity in regions of higher void fraction was also consistent with the findings o f 
Lance and Bataille (1991). This effect was much less pronounced at the intermediate 
jet Reynolds’ number although similar trends were portrayed. The amplification o f 
the liquid phase flow field modification at low and high jet Reynolds’ numbers may be 
due to the buoyancy effect and increased modification due to the entrainment of bubbles 
respectively. Entrainment of small bubbles by liquid phase large scale structures has 
been shown to increase as the energy o f large scale structures increases (Reutsch and 
Meiburg, 1993 and Sridhar and Katz, 1995b). Sridhar and Katz (1996) have also shown 
that entrained bubbles can cause macroscopic deformations to vortex rings. In the far 
field o f the jet at the lowest jet Reynolds’ number, liquid phase mean velocities were 
enhanced. This can be attributed to buoyancy effects as the Froude number approached 
unity in this region for these flow conditions. Turbulence intensity was attenuated in the 
far field o f  the jet for the two highest Rejet. This could be due to the fact that bubbles 
were small relative to liquid phase turbulence length scales in this region.
Centerline bubble average rise velocities, denoted as Ubnse, are depicted in Figs. 
7-14(j-l). Bubble relative velocities were initially positive at the jet exit and decayed 
steadily within the developing region until a minimum (typically negative) was reached 
near x/Djet=5, which coincided with the location o f peak bubble concentration. It is 
apparent that bubbles were being swept into the core region from areas of lower 
momentum and had not yet accelerated relative to the liquid. Again this was evidence
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that liquid phase large scale structures may have a strong influence on bubble motion in 
this region. This effect was more pronounced for the larger bubbles and at higher liquid 
flow rates, which could explain the enhanced modification o f the liquid phase flow field 
at higher je t Reynolds’ number discussed earlier. Downstream o f this location bubble 
rise velocities increased steadily and approached values near those observed at the exit.
Figures 7-14(m-o) contain centerline profiles o f  bubble RMS velocity fluctuation 
intensity, denoted as Ubc’/Ubco- Bubble velocity fluctuation intensity in the developing 
region appeared to be correlated with liquid phase turbulence intensity, with high levels 
occurring where liquid phase turbulence intensity was enhanced. Larger bubbles had 
considerably higher fluctuation levels at these locations, which could be attributed to 
broader size distributions, relative increase in bubble concentration and increased lateral 
mobility as indicated by the bubble frequency profiles.
Radial profiles o f  liquid phase axial mean velocity, scaled by the single phase 
liquid centerline velocity, Uspc, and axial turbulence intensity, scaled by the single phase 
axial turbulence intensity, are shown in Figures 7-15(a-f) for all cases at x/Djet=4. The 
radial coordinate is scaled by the shear layer momentum thickness with the jet half­
width as a reference. The axial mean velocity was significantly reduced near the core 
for the large bubble case at lowest Rejet. The mean velocity was in turn increased at a 
values o f r/x greater than 0.1. This combined with the increased turbulence intensity 
levels shown for this case was evidence that the large bubbles accelerated the 
disappearance o f the potential core. This effect was reduced as Reynolds’ number was 
increased until little modification outside of experimental error was observed. Little 
modification o f the mean velocity was observed outside of experimental error for the
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Figure 7-15. Radial Profiles of Liquid Phase Velocity Properties at x/Djet=4.
small bubbles in any case at this location. The axial turbulence intensity profiles 
indicated increases for both bubble cases near the core of the jet with reduced effect at 
higher Rejet. Turbulence intensity modification is expected to depend on the local void 
fraction and relative magnitudes o f bubble diameter compared to turbulence length 
scales (Gore and Crowe (1989), Yuan and Michaelides, (1992), and Lance and Bataille 
(1991)). Also, in this region, we might expect bubble/vortex dynamics to play a 
significant role. At this downstream location, the bubble diameter was comparable to 
the integral scale of the flow, which suggested an increase in turbulence intensity due to 
this effect. Local void fraction decreased with increasing Reynolds’ number suggesting 
that turbulence modification vary inversely with Rejet at fixed gas flow rate. The above 
mentioned effects appear to explain the variation seen in the axial turbulence intensity at 
this location.
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Figure 7-16. Radial Profiles of Liquid Phase Velocity Properties at x/Djet=8.
Radial profiles of the same quantities are contained in Figure 7-16(a-f) for all 
cases at x/Djet=8. Modification o f the liquid phase mean velocity was observed for the 
large bubbles in all cases. The modification at the lowest Reynolds’ number was 
reduced relative to the values reported at x/D,-et=4. This could be evidence that buoyant 
effects were becoming important at this location. Examination of the liquid phase 
velocity for the small bubbles in this case indicated an increase in velocity near the 
core region, which was most likely due to buoyancy effects induced by the high 
concentration of bubbles at this location. At the two highest values of Rejet, the mean 
axial liquid velocity in the large bubble case was reduced near the core and was 
increased at r/x greater than 0.1. Again this was evidence that the bubbles accelerated 
the development of the shear layer. It is suggested that bubble/vortex dynamics play a 
key role in modification of this type. Lack of modification in the small bubble cases
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Figure 7-17. Radial Profiles o f Liquid Phase Velocity Properties at x/Djet=16.
could be the result o f competing effects between bubble/vortex interaction, and 
buoyancy effects due to the high concentration o f bubbles near the centerline. The 
former would act to accelerate the disappearance o f the potential core while the latter 
would act to increase the velocity in the core. Similar trends were observed with respect 
to the scaled mean velocity profiles at this location as were seen at x/Djet=4. The 
modification to the axial turbulence intensity was reduced relative to the values at 
x/Djet=:4. The magnitude of the increase in this quantity also decreases with increasing 
Rejet. These observations were consistent with the lower void fraction at this location 
relative to x/Djet=4 as well as the fact that the bubble diameter was smaller relative to 
the integral scale of the flow. Both these facts suggested a decrease in the amount o f 
turbulence intensity modification.
Radial profiles o f the same quantities for all cases at x/DjCt=16 are depicted in 
Figure 7-17(a-f). Significant increases in the axial mean velocity were observed for
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both small and large bubbles at the lowest value o f Rejet. This was attributed to 
bouyancy effects as the Froude numbers at this location were o f the order one. The fact 
that the large bubble case exhibited a smaller increase in mean velocity could be due to 
the fact that initially the mean velocity was reduced in the core as the large bubbles 
accelerated the disappearance of the potential core. As a result, the mean velocity was 
reduced downstream as well. At the higher values of Rejet, no significant modification 
o f the mean velocity near the core was observed for large or small bubbles. The large 
bubble case exhibited an increase in mean velocity from r/x=0.05 to r/x=0.1. This can 
also be attributed to buoyancy effects as the Froude number in this region was of order 
one. The mean velocity profiles indicated some distortion due to the presence of the 
large bubbles. This effect can be attributed to buoyancy as discussed earlier. At this 
downstream location, the bubble diameter was small with respect to the integral scale of 
the flow, which suggested attenuation o f  the turbulence intensity. Another competing 
effect that may be significant at this location is related to the large scale motion induced 
by bubbles rising in “swarms”. This far downstream, the inertial effects o f  the jet are 
reduced. The resulting influence on the bubble motion is small. This leads to bubbles 
rising in “swarms” which tend to induce large scale motion in the liquid as predicted by 
Ismaeli and Trygvasson (1996). The authors referred to this effect as the “inverse energy 
cascade” as the bubbles act to channel kinetic energy back to smaller wave numbers in 
the turbulent kinetic energy spectrum. Flow visualizations indicated that this behavior 
was particularly true o f the small bubbles in our experiments. The net effect o f these 
two competing mechanisms could be no net change in turbulence intensity, particularly 
for the small bubble cases. The axial turbulence intensity appeared to be unmodified
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near the center o f  the jet at the lowest Reynolds’ number. This could be attributed to a 
combination o f the competing effects described above. The axial turbulence intensity 
for the larger bubbles at the two highest Rejet exhibit attenuation while no net effect is 
shown for the smaller bubbles. The attenuation o f the larger bubble case is reduced at 
the highest Rejet which is consistent with the reduction in void fraction. The attenuation 
effect in general is attributed to the fact that the large bubbles are small compared to the 
integral length scale at this location. For the smaller bubbles, it appears this effect has 
been balanced by the “inverse energy cascade” effect. Unsealed profiles of liquid 
velocity properties are contained in Figures A-5 through A-7 in the appendix.
In an attempt to further examine the effect o f the bubbles on the development of 
the jet, plots of shear layer momentum thickness, □, and jet half-width, bi/2 , versus the 
axial coordinate are shown for all cases in Figures 7-18(a-f). A significant increase in 
shear layer momentum thickness is observed for the large bubbles in all cases. This is 
consistent with the evidence presented in the mean flow profiles suggesting acceleration 
o f the development o f the shear layer. The smaller bubbles have little or no effect on 
momentum thickness. This discrepancy is most likely related to the bubble/vortex 
interaction in these cases. Apparently, entrainment of the larger bubbles had a more 
significant effect on the shear layer development than that o f  the smaller bubbles. 
Taebi-Rhani (1994) found that larger bubbles comparable to shear layer thickness could 
increase energy at larger scales via enhanced vortex pairing. This is certainly true 
for the larger bubbles over a wider region in the near field o f the jet, than for the 
smaller bubbles. This mechanism could be offered as one explanation of the above
112
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
SHEAR LAYER 
MOMENTUM THICKNESS, 0 (mm)
OJ
3
'siIh*00
ft
r
•I
3o
5
B
SL S' 
5
a«■*
CP
<ftTCA
C
V)
o
5>‘«■M
Bo
«
HsrN ift
ETfta
CA
JET HALF-WIDTH, bin (mm)
to
01 *
0)
m m
SHEAR LAYER SHEAR LAYER
MOMENTUM THICKNESS, 0 (mm) MOMENTUM THICKNESS, 0 (mm)
w w * o - * r o c » ) * o i
& o m m m m
C C c c
o o o o
JET HALF-WIDTH, bin (mm) JET HALF-WIDTH, b,B (mm)
*0 Ki 01 00 O  U  O) (0 |s) (ft 00
' m m
•« ■
phenomenon. Identical trends were observed for the je t half-width and presumably for 
the same reasons.
To further understand the nature of the bubble turbulence interaction, it is 
necessary to investigate the relative size of bubbles to turbulent length scales more 
closely. Figure 7-19 contains a general turbulent kinetic energy spectrum applicable to 
fully developed turbulent flow. It should be stated that no spectral data have been 
obtained in this study and this is only included for the sake o f  demonstration. The 
spectrum exhibits the familiar —5/3 slope in the inertial sub-range. The plot contains 
vertical lines corresponding to the approximate location o f  wave numbers 
corresponding to the integral scale and the Kolmogorov scale. In the context of the 
turbulent kinetic energy spectrum, if the wave number corresponding to the bubble 
wake (assumed herein to be approximately K=l/Db) is lower than the wave number 
corresponding to the integral length scale, the bubble wake should increase turbulent 
kinetic energy in the lower wave number region o f the spectrum. If the bubble wave 
number is higher than the Kolmogorov wave number, turbulent kinetic energy should 
be dissipated. Here, it is suggested that there exists a value o f  bubble wave number 
somewhere in between these two extremes where no net effect on the turbulent kinetic 
energy is observed. The vertical line in the center of Figure 7-19 represents a wave 
number corresponding to Db//=0.1, where I is the integral length scale. This
corresponds to a bubble diameter where energy is transferred from the low wave 
number region o f  the spectrum to the high wave number region, but has no net effect on 
the overall integral. Figure 7-20 contains a plot o f the experimental change in turbulent 
kinetic energy observed in all cases o f this study versus Db!L The value of Db/i=0.1
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appears to be the qualitative demarcation line between turbulence production and 
attenuation. This value agrees with the value reported by Gore and Crowe (1989) for 
particulate flows. This is a purely qualitative representation which does not consider 
void fraction, the “inverse energy cascade” effect in the far field o f the jet or the large 
scale structure effect in the developing region. For these reasons, no quantitative 
information can be obtained.
Taking the analysis one step further, we are tempted to employ the expression 
developed by Lance and Bataille (1991) for bubbles in uniform grid generated 
turbulence. The authors suggested that the dissipation of the bubble wake is 
proportional to the drag force exerted on the bubble and arrived at an expression for the 
kinetic energy produced by the wake:
u ' a O c  u'“'d u  bre!
where:
a  = local void fraction
^w=length scale associated with the wake (taken as Db)
Cd=drag coefficient based on steady state rise velocity 
Ubrei= bubble rise velocity
There are obvious limitations to the above analysis with respect to applicability
to our experiments. The analysis was formulated based on bubbles rising in uniform
grid turbulence where the bubbles are larger than the integral length scale. This is 
certainly not the case in our experiments. The drag coefficient is based on steady-state
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correlations, which our measurements o f bubble rise velocity in the unsteady flow field 
deviate from considerably. And a limitation in our experiments is the estimation o f the 
local void Suction, which is based on bubble passage frequency. Due to the validation 
concerns described earlier, our estimates o f void fractions should be consistently low. 
Even so, if  we modify the analysis by introducing a multiplication factor based on our 
demarcation value o f Db/Y=0.1, we may gain some physical insight. Using linear
interpolation to generate a multiplier with a positive maximum at Db=Z and a negative
maximum at Db=r|k and zero at Dt/^=0.1 we can attempt to make quantitative estimates
consistent with Figure 7-21. Figures 7-21(a-c) contain the results o f this analysis for the 
three different values of Rejet. It is clear from the figure that our quantitative estimates 
are not accurate. This is to be expected considering the shortcomings mentioned earlier. 
It is evident that spectral data are needed in the two-phase flow situation to aid in 
understanding and quantifying the turbulence modification phenomena.
7.5 SUMMARY
The measurements presented herein indicate that differences in bubble size 
characteristics, phase distribution and initial conditions strongly influence the two-phase 
flow Seld parameters. Variations in bubble velocity properties have been related to 
above parameters as well as bubble/vortex interaction in the developing region o f the 
jet. A critical value o f a “bubble distortion parameter” was identified above which 
bubble distortion and breakup were observed. The ability of liquid phase large scale 
structures to entrain bubbles has been related to vortex strength and bubble size. 
Bubble relative velocities less than zero have been reported in the developing region o f 
the jet and the relative magnitudes related to bubble vortex interaction and initial phase
117
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distribution. Liquid phase mean velocities were modified by the presence of bubbles, 
particularly for the large bubble cases. This modification was related to buoyancy and 
bubble/vortex interaction effects. There was also evidence that the larger bubbles 
accelerate the development o f the axisymmetric shear layer. Liquid phase turbulence 
intensity increased near the jet exit and was attenuated in the far field o f the jet. These 
effects were related to bubble/turbulence interaction, bubble/vortex interaction, 
buoyancy and local void fraction. Bubble/turbulence interaction was examined in the 
context o f the turbulent kinetic energy spectrum and a critical parameter Dt/<M).l was
proposed above which turbulent kinetic energy is enhanced, below which it is 
attenuated.
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CHAPTER 8 -  SUMMARY AND RECOMMENDATIONS
FOR FUTURE WORK
8.1 SUMMARY
A combination o f  non-intrusive measurement techniques has been employed to 
characterize the two-phase flow field in a dispersed, bubbly, axisymmetric jet. The 
purpose of this study has been to examine the effects o f  bubble size characteristics, 
phase distribution, and initial conditions on the velocity properties o f the two-phase 
flow field over a wide range o f bulk flow conditions. Within this framework the 
primary emphasis has been placed on bubble interaction with liquid phase turbulence 
and the resulting modification to the liquid velocity properties. One and two-component 
Phase-Doppler Analysis (PDA) systems have been used to obtain mean velocity and 
RMS velocity fluctuations for the liquid and gaseous phases. Bubble diameter and 
passage frequency have also been obtained via this system with the latter being used as 
an indicator o f phase distribution within the jet. Low and high speed video imaging 
have been used in conjunction with the PDA measurements to verify bubble size 
characteristics and visualize bubble interaction with liquid phase flow structures.
Variations in bubble RMS velocity fluctuations and phase distribution have been 
correlated to bubble size characteristics, bubble/vortex interaction, and initial conditions 
at the jet exit. Bubble mean velocities in the developing region o f the jet were found to 
depend directly on bubble/vortex interaction. Bubble mean velocities less than the 
corresponding liquid mean velocities were reported in the developing region o f the jet 
and were attributed to convection o f low momentum bubbles into the potential core by 
liquid phase large scale structures. Mean velocities were dependent indirectly on 
bubble size characteristics and initial conditions through their effects on bubble/vortex
120
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interaction- Bubble break-up and shape distortion in the axisymmetric shear layer have 
been correlated to a dimensionless “bubble distortion parameter” which relates shear 
forces to those of surface tension. The propensity for bubbles to be entrained by liquid 
phase vortices in the developing region o f the je t have been correlated to bubble size 
relative to vortex strength.
Variations in liquid phase mean velocity were observed due to the presence of 
bubbles. At the lowest Reynolds' number investigated, these effects were attributed 
primarily to buoyancy. At the higher Reynolds’ numbers, the development rate o f the 
axisymmetric shear layer was accelerated with the effects being more pronounced for 
the larger bubble cases. Variations in liquid phase turbulence intensity have been 
correlated to local void fraction, bubble size relative to turbulence length scales, 
bubble/vortex dynamics, and the “inverse energy cascade” due to bubbles rising in 
swarms. Bubble/turbulence interaction was examined in the context o f the turbulent 
kinetic energy spectrum and a critical value of the parameter D\Jl=0.1 was found to be
the demarcation line above which turbulence intensity was enhanced and below which it 
was attenuated. This value agrees with the value previously reported for particulate 
flows (Gore and Crowe, 1989).
The two-phase flow field has proven to be sensitive to bubble size 
characteristics, bubble/vortex interaction, phase distribution, and initial conditions even 
in the dilute flows investigated here. It is suggested that some of the discrepancies 
noted in earlier investigations could be attributed to variations in the above parameters. 
Furthermore, the detailed measurements and mechanisms described herein can serve as 
benchmarks for future computational efforts.
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8.2 RECOMMENDATIONS FOR FUTURE WORK
The phase discrimination techniques employed in this study for the Phase- 
Doppler system are only applicable for dilute flows where the relative data rate o f liquid 
to bubble signals is high. To extend this technique to higher void fractions it will be 
necessary to employ amplitude discrimination to reject the higher amplitude signals 
from bubbles. At the time when the Phase-Doppler system used in this study was 
purchased, this feature was not available. At least one manufacturer has subsequently 
added this feature to their system. Hopefully, this feature will soon be standard on all 
PDA systems.
It is apparent from our experiments that the interaction between bubbles and 
liquid phase large scale structures is o f paramount importance in understanding the two- 
phase flow field dynamics in the developing region o f  the jet. High speed flow 
visualizations of the liquid phase will enable qualitative analysis o f this phenomenon. 
For quantitative information, it will be necessary to perform Particle Image Velocimetry 
(PIV) measurements. The combination of these two methods should be sufficient to 
help characterize the bubble/vortex dynamics and lend insight into the liquid phase flow 
field modification observed in the developing region.
To further understand bubble/turbulence interactions it will be necessary to 
obtain spectral data in the two-phase flow situation. This could be achieved via hot- 
film anemometry or time-resolved PIV, but each o f these methods have their 
drawbacks. Hot-film anemometry is an intrusive technique and phase discrimination is 
difficult. Time-resolved PIV currently has technology limitations and is extremely 
expensive. Regardless, if  spectral data can be obtained in the two-phase flow situation,
122
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more information on the energy cascade in the presence o f bubbles can be gained. This 
will aid in the understanding bubble/turbulence interaction and may enable more 
accurate quantitative estimates.
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Figure A-5. Radial Profiles of Liquid Phase Velocity Properties at x/DjCi=4.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
•  SINGLE PHASE LIQUID 
A SM ALL BUBBLE, LIQUID 
■  LARGE BUBBLE, LIQUID
0.8 m.
0.6
»
e
3
0.2
0.0
0.20
0.16
"I 0.12
3
0.08
0.04
0.00
0.250.15 0.200.00 0.05 0.10 0.15 0.20 0.00 0.10 0.15 0.20 0.00 0.05 0.100.05
r/x r/x r/x
Figure A-6. Radial Profiles of Liquid Phase Velocity Properties at x/DjCt=8.
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